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ABSTRACT OF THE DISSERTATION
COMPARISON OF MODERN AND MID-HOLOCENE BENTHIC FORAMINIFERA
TO ASSESS RECENT ENVIRONMENTAL CHANGE IN ALMIRANTE BAY,
CARIBBEAN PANAMA
by
Maria Nicole Gudnitz
Florida International University, 2021
Miami, Florida
Professor Laurel Collins, Major Professor
This study used the diversity and distribution of benthic foraminiferal assemblages of
Almirante Bay, Caribbean Panama, as environmental proxies to compare modern coral,
seagrass, and mangrove habitats to mid-Holocene coral reef facies on the island of Isla
Colón, to investigate both natural and human-influenced changes.
The modern study associated species and assemblage characteristics with
environmental conditions related to degraded water quality. Assemblages were fairly
similar among neighboring habitats but differed in species proportions, while several
stress-tolerant taxa might indicate eutrophic conditions. Diversity appeared to be
regionally controlled by freshwater input irrespective of habitat type, was generally lower
near the mainland than the southwest coast of Isla Colón, and was predominantly lower in
mangroves than in coral reef and seagrass sediments. These results provide baseline
ecologic data for comparisons to past, pristine coastal habitats.
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The assemblages from mid-Holocene reef facies were analyzed for their
correspondence to marine habitats and dominant invertebrates. Assemblages
differentiated seagrass and molluscan mud samples from corals. Reefal assemblages were
most diverse and did not distinguish among sediments characterized by different coral
taxa, suggesting similar, normal marine conditions and/or mixing of coral fragments.
Molluscan mud samples with high total organic carbon content were least diverse, though
foraminifera in other molluscan mud samples showed a transition to proximal corals.
Epiphytic seagrass taxa were present in relatively greater amounts in seagrass and
samples with the corals Porites and Agaricia. The distribution of foraminiferal species
suggests this reef was a patch reef similar to those of modern Almirante Bay.
Modern and mid-Holocene foraminiferal assemblages are significantly different
with few exceptions. Modern mangroves and mid-Holocene molluscan mud facies were
least diverse, while seagrass and reef diversity were near even. Although foraminiferal
wall types suggested more freshwater input today, similarities in species assemblages and
diversities suggest the modern embayed ecosystem is comparable in water quality to that
of the pristine reef that grew prior to human settlement. These results demonstrate the
utility and explore the limits of benthic foraminiferal assemblages to assess the impact of
anthropogenic disturbance in patch-reef environments, with implications for the
preservation and conservation of marine habitats along tropical coastlines.
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CHAPTER 1. INTRODUCTION
Increasing human populations and the associated deleterious effects on marine
ecosystems have altered population dynamics along coastlines (Lotze et al., 2006;
Halpern et al., 2008). Leading causes of coastal deterioration are the dredging of canals
and inlets to protect residential and commercial development, increased runoff and
eutrophication resulting from agricultural deforestation, and the alteration of marine
trophic levels resulting from overfishing. Overfishing has been considered the leading
cause of historical coastal marine ecosystem declines, followed by pollution, mechanical
habitat destruction, introductions of exotic species and pathogens, and climate change
(Jackson et al., 2001; Cramer et al., 2012). Deleterious effects on terrestrial and marine
ecosystems can lead to localized extinctions, and major causes of species extinctions can
be linked to loss of habitat and changes in physical conditions (Jones et al., 2004). Given
that species diversity is relatively higher in the tropics (Willig et al., 2003), particularly in
Caribbean waters because of relatively smaller populations per species, tropical
extinctions are likely to have a larger impact on global biodiversity. The present study
uses the diversity and community structure of benthic foraminiferal assemblages, a
marine environmental proxy, to address whether coral reef, seagrass and mangrove
habitats in Bocas del Toro (BDT), Caribbean Panama, have been altered in response to
anthropogenic disturbances such as changes in land use.
Roughly 80% of Caribbean coral reef cover has disappeared since the 1970s (Gardner
et al., 2003). Modern declines in reef health are attributed to disease, loss of herbivores
through overfishing that results in macroalgal overgrowth of corals, and high
sedimentation, resuspension and eutrophication that reduce water quality (Lessios, 1988;
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Mumby et al., 2007; Mumby and Steneck, 2008). In BDT, increased runoff and changes
in coral cover, including an accelerated phase shift from a dominant Porites coral reef
habitat to an Agaricia-dominated reef (Aronson et al., 2014), suggests that water quality
in the region has been degrading for approximately 50 years.
Most affected by changes in water quality are coastal ecosystems such as mangroves,
seagrasses and coral reefs, the habitats addressed by this study. They are some of the
world’s most biodiverse and economically and ecologically important ecosystems; they
provide a source of food for local communities and support fisheries, and are popular
tourist destinations; of great significance, they are essential for the health and protection
of tropical coastlines (Spurgeon, 1992). Coral reefs provide a natural barrier, reducing
storm surge and erosion, and mangrove roots stabilize and trap sediment and nutrients
transported from the mainland, reducing runoff that could potentially cause turbidity and
poor water quality in photosynthesis-dependent seagrass and coral reef communities.
Additionally, seagrasses help to reduce eutrophication through the relatively rapid uptake
of excess nutrients and other contaminants in the water column (Hemminga and Duarte,
2000), and their submerged rhizomes and roots bind and protect sediment from erosion
during storm events (Koch et al., 2007). Many immature invertebrates, coral recruits and
fish use seagrass and mangrove habitats for foraging and protection from predators before
returning to adjacent reefs (Mumby and Steneck, 2008), creating a synergistic
connectivity among the three types of habitats. Whereas each of these habitats has
tremendous value, most coastal research has focused on coral reefs rather than mangroves
and seagrasses (Duarte et al., 2008), suggesting a need for an understanding of how
negative changes in one habitat can affect another.
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Although there are many places in the Caribbean that provide opportunities for
coastal habitat studies, Almirante Bay (Fig. 1), located in the BDT Province’s
archipelago on the northwestern coast of Panama (Fig. 1, 8° 55´–9° 30´ N, 82° 15´–81°
20´ W), was chosen because it includes the three main types of coastal marine habitats, a
historical record of human occupation, and recent environmental monitoring. It covers
~446 km2 (Rodríguez et al., 1993) with islands and peninsulas fringed by ~2,885 km2 of
well-intact mangroves that comprise ~50% of the mangrove area on the Caribbean
Panama coast (D’Croz, 1993). Seagrass beds, primarily Thalassia testudinum, are found
throughout the bay, and the reefs, which are well-developed down to a maximum depth
of 23 m, represent ~53% of the total reef diversity for all of Panama (Guzman and
Guevara, 1998). Bocas del Toro is also a unique, tropical area of sedimentological study
because of its mixed carbonate-siliciclastic regime. The sediments in the bay are
dominated by coarse carbonate sands and mangrove muds; however, to the west and
within eyesight of Almirante Bay is the Central Cordillera mountain chain that delivers
organic matter, inorganic nutrients, and fine-grained siliciclastic sediments to the bay
through weathering (Phillips and Bustin, 1996; D’Croz et al., 2005; Guzman et al., 2005),
while the carbonates primarily result from the breakdown of Pleistocene and modern
coral reef-associated invertebrates.
Marine sediment accumulation is a natural process largely influenced by rainfall, with
freshwater entering the bay primarily through the Changuinola floodplain along the
northwest mainland. In Bocas del Toro, the wet and dry seasons are poorly defined, with
heaviest rainfall occurring in July and December. The climate is very dependent on the
location of the Intertropical Convergence Zone (ITCZ); fluctuations in the ITCZ cause
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variations in the ~3000 mm/yr of rainfall in BDT and resultant ~1600 mm of annual
runoff. Although Panama lies outside of the hurricane belt, flooding events from storms
passing to the north are common and known to decrease sea surface salinities by 20 psu
from the average 30–34 psu (Kaufmann and Thompson, 2005) and increase coastal
runoff. The tidal range in Almirante Bay is 2–15 cm and currents reach a maximum of 40
cm/sec (Greb, 1996). Although Almirante Bay exchanges water with the Caribbean Sea
through Boca del Drago to the north and Boca del Toro to the east, hypoxic conditions
have recently been recorded in the bay (Altieri et al., 2017, Lucey et al., 2020), which
may be the result of a freshwater lens that induces water column stratification (Guzman et
al., 2005).
Runoff is also increased by human disturbance of the land. The history of human
occupation in Panama dates back to the terminal Pleistocene (11,100 – 10,000 YBP).
However, radiometric dates from two sites show occupation in Sitio Drago, northwest
corner of Isla Colón, by AD 690–1410, and Cerro Brujo, on the Aguacate peninsula,
around AD 880–1250 (Fig. 1; Linares, 1977; Linares and Ranere, 1980). The modern
anthropogenic history of land-use in BDT is well documented back to 1870, the
beginning of the local banana industry. In the 1880s, most of what is now the
Changuinola floodplain was deforested for banana plantations for the United Fruit
Company. In the 1990s, ecotourism became the dominant industry in BDT (GuerronMontero, 2005; Montero, 2003). Additional land-use changes in BDT would lead to
increased runoff and turbidity, causing detrimental effects on shallow-water marine
communities. The combined natural and anthropogenic causes of change in coastal
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habitats require further investigation to delineate the two mechanisms of change and
determine their influences.

Previous Research on Water Quality and Changes in Reef Corals, Bocas del Toro
To better understand the effect of freshwater flow on the coastal marine inhabitants in
Almirante Bay, Guzman and Guevara (1998; 2002) divided the bay into two
hydrographic units, high- and low-runoff. High runoff in the northwestern bay is
influenced by the Changuinola floodplain, which is closer to mainland mountains and
receives more freshwater from streams and rivers near Almirante compared to other
regions of the bay. The low-runoff regime is in the southeastern bay, which is farther
from mountains and receives less freshwater than other regions (Phillips and Bustin,
1996; Guzman and Guevara, 1998). Further analysis (D’Croz et al., 2005; Collin et al.,
2009) separated the bay into three regimes, Sectors A, B and C (Fig. 1), based on the
influence of runoff from the Changuinola floodplain and the proximity to Caribbean Sea
inlets. Concentrations of chlorophyll a, which is an indicator of nutrient availability and
thus, a measure of eutrophication; Secchi disk depths and amounts of total suspended
solids, determinants of water clarity; were the primary proxies used to distinguish waterquality degradation (Collin et al., 2009). On the basis of these data (D’Croz et al., 2005;
Collin et al., 2009), Aronson et al. (2014) characterized the water quality to be the most
degraded in Sector A, mildly degraded in Sector B and least degraded in Sector C, but
seasonal hypoxia and hypoxic events have become prevalent over the last 10 years,
particularly in Sector C (Altieri et al., 2017; Lucey et al., 2020).
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Clear water with low turbidity is essential for photosynthesis-dependent organisms
such as corals and seagrasses. As STRI researchers watched the coastal habitats of BDT
become a primary zone of development, they established a marine-ecosystem monitoring
program that would help inform local authorities of the status of the marine resources to
guide management initiatives (Guzman et al., 2005). The coastal habitats of BDT were
studied for over 20 years as part of the now-discontinued Caribbean-wide Reef,
Mangrove and Seagrass Monitoring Program (CARICOMP), then under the Physical
Monitoring Program at the Smithsonian Tropical Research Institute (STRI) in BDT (Fig.
1). Since the inception of CARICOMP, the water quality in BDT has seen many changes
with increases in construction and shipping traffic out of the port in Almirante. Shipping
traffic results in turbidity and heavy metal pollution of the bay and has shown a trend of
reduced hard-coral abundance in close proximity to polluted sites (Berry et al., 2013).
However, the coral species Porites furcata was more resilient than other hard-coral
species and shows a higher tolerance to turbidity and eutrophication (Seemann et al.,
2014). Results from Aronson et al.’s (2014) lipid biomarker analysis on sediments from
four cores around Almirante Bay showed that peaks in lignin-phenols associated with
heavy rainfall accompanied increases in Agaricia, a transition from the more dominant
Porites. Aronson et al. (2014) concluded that variations in terrigenous organic-matter
inputs from runoff, light penetration, sedimentation rates and sediment composition had
interacted to shift the dominance of coral assemblages from Porites to Agaricia.
The Seeman et al. (2014) study, a follow-up to Collin et al. (2009), reanalyzed
environmental parameters such as water clarity, chlorophyll a concentrations, sediment
grain size, and the isotopic composition of dissolved inorganic carbon. These
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measurements provide insight to improving or declining water quality, which is essential
for coastal ecosystem health. Compared to data from Collin et al. (2009), chlorophyll a
results nearly doubled (0.46–0.49 to 0.78–0.97 µg l-1) and an increase in suspended
particulate matter was evidenced by a reduction in water visibility (9–13 m to 4 m) from
Secchi disk measurements. Results suggested a rapid negative change in water quality
over the last 20 years.
In October 2013, as part of a “pristine” Caribbean reef baseline study, STRI
researchers collected samples from ~30,000 m2 of an excavated Acropora cervicornisdominated reef on Isla Colón (Fig. 1). Eight vertical trenches with depth ranges ~3–6 m
below modern mean sea level were dug into the sediment and in situ samples from
various horizons were collected and categorized in the field by (preliminary) observations
of their dominant macroinvertebrates: the reef coral Acropora cervicornis; mixed reef
corals A. cervicornis and Porites/Agaricia with interspersed Millepora fringing reef;
bivalve- and gastropod-dominated mud, herein termed “molluscan mud”; reef corals
Porites/Agaricia; and gastropods Lobatus, herein termed “seagrass” because of their
preferred habitat (Brasier, 1975; Ray and Stoner, 1995; Stoner et al., 1996; Schweizer
and Posada, 2006).
A ~3–4 m vertical exposure within the site showed a stratigraphic transition from
Porites coral to a mangrove habitat, suggesting that either regional tectonic uplift
occurred during global sea-level rise, and/or mangrove sediments prograded over the
reef. Tectonic activity causing differential vertical movement in the region has been well
documented and varies considerably. For example, radiocarbon estimates from an
extensive peat deposit in nearby Changuinola suggest over 4,000 years of punctuated
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subsidence at a net rate of ~2.2–2.6 mm/yr (Phillips and Bustin, 1996), whereas
Pleistocene coral reefs of nearby Costa Rica continue to experience slow to rapid tectonic
uplift (Román, 2016). Radiometric dates of in situ Acropora cervicornis and A. palmata
from the reef core are ~6,000–6,200 YBP. Additionally, coral blocks collected from
similar depths from the other end of the reef were U-Th radiometrically dated as ~7.2–
5.8k YBP, also mid-Holocene (Fredston-Hermann et al., 2013). In their initial molluskcoral baseline study, Fredston-Hermann et al. (2013) compared mid-Holocene and
modern molluscan assemblages. Results showed that mid-Holocene seagrass beds are
functionally similar to today’s seagrass beds; however, sharp declines in molluscan
assemblages reflect declines in coral cover and reef architecture.

Use of Benthic Foraminifera for Ecological and Paleoenvironmental Assessments
Benthic foraminifera, protists that either produce a calcium carbonate test, or an
agglutinated test of cemented sand, organic matter or other marine particles (Murray,
2006), are sensitive marine environmental indicators. They are used in
paleoenvironmental reconstructions to identify changes in local and global marine
conditions, such as the effects of habitat loss and declining water quality (Debenay and
Fernandez, 2009). Their tests are typically well-preserved as fossils and found in virtually
all marine sedimentary deposits. Havach and Collins’ (1997) study of the distribution of
modern benthic foraminifera across habitats of BDT is the only study of modern benthic
foraminifera of Caribbean Panama. Their study, composed of 37 sediment samples
collected from 3.7–240 m water depth, correlated foraminiferal species with tropical
habitats and showed that the distribution of the taxa, with the exception of the coral reef
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facies, were uncorrelated with sedimentary grain size. Yet, of the 37 samples, 27 were
taken at depths >23 m, and none sampled mangrove or seagrass habitats.
Foraminifera are also excellent indicators of water quality, and several studies have
developed indices to measure it, but as with any other bioindicator, there are limitations
when using benthic foraminifera to assess environmental pollution. In general, there is a
lack of understanding of the ecology of foraminifera in polluted water because most
severely polluted areas are often naturally stressed, marginal marine environments,
making it difficult to interpret the proportion of observed local species abundance as the
result of anthropogenic disturbance alone. The intensely studied ecology of stress-tolerant
taxa has provided further insight to understanding the issue of degraded water quality.
Sources of increased nutrients from agricultural inputs, organic waste and heavy
metals can cause spatial shifts in foraminiferal species or assemblages; test deformities,
and a general decrease in species diversity (Alve, 1995; Tarasova, 2006); however, these
shifts may only be temporary. For example, a study in Maryland showed that
Ammobaculites carssus retreated downstream in response to heavy metal pollution, and
returned once conditions were improved (Ellison et al., 1986). Additionally, because of
factors such as diagenesis and species’ tolerances of eutrophic conditions and heavy
metal concentrations, and because the same environmental conditions in one region can
produce different responses in species of another region, we cannot necessarily relate
assemblages to specific pollutants or stressors. It is reasonable to assume that
foraminiferal response will also vary with mixtures of different pollutants, which could
reflect how the basin itself is affected by the pollution. For example, pollution in a silled
basin is more sensitive to nutrient enrichment than a basin that is periodically flushed or
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has consistent mixing of waters from other sources, the case in Almirante Bay, with only
two main inlets for open-ocean water exchange (Fig. 1). Therefore, we must consider the
species’ tolerances to varying environmental conditions, the rate of response to
disturbance (Reymond et al., 2012), and other known reliable attributes such as species’
dominance and assemblage diversity. In addition, we use foraminiferal assemblage data
in correlation with physical data such as sediment grain size, organic matter content, and
oceanographic data, and data collected from other bioindicators. By comparing habitats
of the same type that are geographically dispersed throughout Almirante Bay in regions
of higher and lower pollution levels, some with identified measurements of specific
pollutants, we can determine how species diversity and community structure respond to
such pollutants. The availability of subfossil sediment samples and historical data of
coastal disturbance enable a comparative study of the pre-human “pristine” and modern
condition of the coastal habitats in BDT.

Overview of Dissertation Chapters
This dissertation is organized into five chapters, as follows:
•

Chapter 1. Introduction gives an overview of the research and its
significance, and introduces relevant characteristics about the study area of
Almirante Bay, Bocas del Toro.

•

Chapter 2. Distinguishing tropical coastal habitats and water quality with
benthic foraminifera of Caribbean Panama investigates the diversity and
community structure of modern benthic foraminiferal assemblages from
mangrove, seagrass, and coral reef habitats within Almirante Bay. It also
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compares previous research that identified varying degrees of waterquality degradation and runoff in regions of Almirante Bay to determine
relationships between water quality and foraminiferal assemblage
composition.
•

Chapter 3. Foraminiferal communities of a mid-Holocene reef: Isla Colón,
Caribbean Panama uses the distribution and community structure of
benthic foraminiferal assemblages from the mid-Holocene reef on Isla
Colón in comparison to these five invertebrate-characterized habitats: A.
cervicornis, Porites/Agaricia, A. cervicornis and Porites-dominated
fringing reef, Lobatus (interpreted as a seagrass facies), and molluscan
mud. Sediment grain size (an indicator of current strength) and total
carbon, a food source, were also related to the assemblages.

•

Chapter 4. Assessing changes in coastal habitats of Caribbean Panama
with modern and mid-Holocene foraminifera compares the diversity and
community structure of the modern and mid-Holocene foraminiferal
communities, in chapters 2 and 3, to determine differences between the
two ages and their relationship to human-induced disturbance and changes
in water quality.

•

Chapter 5. Conclusions is a summary of the major findings of the
research.

Results from this study will aid in determining the extent that tropical, coastal
environments have changed in response to anthropogenic disturbance, which has
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implications for the preservation and future restoration of coral reefs and seagrass
habitats along tropical coastlines.
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Figure

Figure 1. Map of the Bocas del Toro archipelago showing modern mangrove (red),
seagrass (green) and coral reef (black) sampling sites, runoff regimes (A, B, C), and
locations of mid-Holocene reef on Isla Colón, and the Sitio Drago and Cerro Brujo
archeological sites.
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CHAPTER 2. DISTINGUISHING TROPICAL COASTAL HABITATS AND
WATER QUALITY WITH BENTHIC FORAMINIFERA OF CARIBBEAN
PANAMA*
Abstract
Although humans play an increasing role in the demise of coral reefs, mangroves and
seagrasses, these coastal marine habitats also naturally thrive and decline over time,
obscuring the extent of the damage that is anthropogenic. In Bocas del Toro, Panama,
shifts of species in coral reef communities and degraded water quality have been linked
to increased runoff from land-use changes coupled with increased precipitation, heavy
metal pollution and other human activities over the last century. The present study
examines communities of benthic foraminifera, sensitive environmental indicators, from
reef coral, seagrass and mangrove habitats of Almirante Bay, Caribbean Panama, to
associate species and assemblage characteristics with environmental conditions related to
degraded water quality. The bay rarely experiences episodic natural disturbances such as
hurricanes and earthquakes, and its well-developed coastal habitats remain mostly intact.
We analyzed the relative abundance, diversity and community structure of benthic
foraminiferal species >63 µm in 17 sediment samples collected by a ponar-type grab
sampler from < 2 m mean water depth in mangrove, seagrass and coral reef communities
Hierarchical cluster analysis; analysis of similarity, similarity percentage, non-metric
multidimensional scaling; and the Fisher’s Alpha diversity index were used to compare
foraminifera from areas with contrasting water quality that had been previously evaluated
for rates of sedimentation, the concentration of heavy metals, Secchi disk water
clarity/turbidity, and nutrient levels measured by amounts of Chlorophyll a.
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In general, foraminiferal assemblages in mangroves have a lower diversity than in
coral reefs and seagrasses, a common pattern with reduced salinity conditions, and
diversity appears to be regionally controlled by freshwater input. Assemblages are fairly
similar among the sampled, neighboring habitats but differ in species proportions.
Ammonia parkinsoniana, indicative of brackish water, differentiates mangal assemblages
from those near high riverine input, irrespective of habitat type. Planorbulina acervalis
was the dominant species in seagrass beds. Stress-tolerant foraminiferal assemblages are
present within these sampled habitats, a possible indication of eutrophic conditions
resulting from increases in regional rainfall or a consequence of land use change and
pollution. Diversity is generally lower near the mainland than off the southwest coast of
Isla Colón. The environmental associations of the benthic foraminifera of Almirante Bay
are baseline ecologic data for comparisons to coastal habitats formed before human
occupation, particularly embayed settings. The data can be used to assess the impact of
anthropogenic disturbance, which has implications for the preservation and conservation
of marine habitats along tropical coastlines.

* In preparation for Journal of Foraminiferal Research
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Introduction
Increasing human populations and associated environmental disturbance have led to
harmful effects on marine ecosystems, altering their population dynamics along
coastlines (Lotze et al., 2006; Halpern et al., 2008). Leading causes of coastal
deterioration are the dredging of canals and inlets to protect residential and commercial
development, increased runoff and eutrophication resulting from agricultural
deforestation, and the alteration of marine trophic levels resulting from overfishing
(Jackson et al., 2001; Cramer et al., 2012). Deleterious effects on terrestrial and marine
ecosystems can lead to extirpations, and major causes of species extinctions can be linked
to loss of habitat and changes in physical conditions (Jones et al., 2004). Given that
species diversity is higher on average in the tropics (Willig et al., 2003), particularly in
the Caribbean because of smaller populations per species, tropical extinctions are likely
to have a relatively large impact on global biodiversity. Thus, the timing and causes of
the degradation of tropical ecosystems are important to assess declining diversity as well
as environmental conditions. Our study develops foraminiferal proxies of mangrove,
seagrass and coral reef settings and explores the limits of benthic foraminiferal
assemblages to assess the impact of anthropogenic disturbance in patch reef
environments to ultimately track their changes.
Roughly 80% of all coral-cover on Caribbean reefs has disappeared over the past
several decades (Gardner et al., 2003) and human activity is the suspected cause. Modern
declines in reef health are attributed to mass bleaching events, disease, loss of herbivores
through overfishing and the subsequent macroalgal overgrowth of corals, and high
sedimentation, resuspension and eutrophication resulting in poor water quality (Lessios,
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1988; Mumby et al., 2007; Mumby & Steneck, 2008). In Bocas del Toro, Panama (BDT),
increased runoff and changes in coral cover, including a phase shift (Done, 1992;
Aronson & Precht, 2001; Aronson et al., 2004, 2014) from a dominant Porites coral reef
habitat to an Agaricia-dominated reef (Aronson et al., 2014), suggest that water quality in
the region has been degrading for approximately 50 years, which has prompted additional
water quality monitoring.
Whereas mangroves, seagrasses and coral reefs all have tremendous value to the
health of coastal ecosystems, approximately 29% of the known areal extent of the world’s
seagrass habitats has disappeared since their initial global survey in 1879 (Waycott et al.,
2009). Additionally, at least 35% of mangrove forest area has been lost since 1980, with
loss estimates at 2.1% per year (Valiela et al., 2001) and 62% of losses from 2000–2016
resulting from land-use change (Goldberg et al., 2020). These are comparable losses to
what is witnessed in coral reefs and rainforest habitats, yet most coastal research has been
focused on coral reefs rather than mangroves and seagrasses (Duarte et al., 2008),
resulting in a lack of understanding of how areal loss in one of these ecologically
associated habitats will affect the others. Studies have shown that mangrove and seagrass
habitats act as a nursery for juvenile fish and invertebrates (Mumby & Steneck, 2008) but
there has been little success in associating the contribution of juveniles from these
“nurseries” to adjacent coral reef fish species’ biomass or resilience (Harborne et al.,
2006; Mumby, 2006; Dorenbosch et al., 2007; Mumby & Hastings, 2008; Nagelkerken,
2009). However, the biomass of several fish species more than doubled when mangroves
were within 200 km2 of coral reefs (Mumby, 2006). Clearly, we need additional
ecological studies on coral reef-mangrove-seagrass ecosystems such as the patch reefs of
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Almirate Bay to improve the understand of ecosystem connectivity, aiding conservation
and management efforts.
The physical conditions required by marine taxa can vary by species, though
seagrasses and corals are generally found in oligotrophic, normal marine salinity waters
with low turbidity, supporting their dependence on photosynthesis. The nutrient proxy
chlorophyll a, together with salinity and water clarity indicated by Secchi disk depth,
have been used as the primary measurements of water quality in Almirante Bay, while
meteorological and oceanographic data have been collected since 1999 (Guzman et al.,
2005; Kaufmann & Thompson, 2005; Collin et al., 2009; Seemann et al., 2014).
Benthic foraminifera are well-known indicators of environmental change through
geologic and modern time. Their usefulness as proxies to detect global environmental
episodic events and regional environmental stress such as changes in salinity, nutrient
levels (eutrophication), and various types of pollution (Seiglie, 1971; Alve, 1995;
Armynot du Châtelet et al., 2004; Jayaraju et al., 2008; Carnahan et al., 2009; Frontalini
et al., 2009) has been increasingly important in understanding the effects of such stressors
without requiring large amounts of sedimentary material. Advantageously, benthic
foraminifera have also revealed evidence of stress sooner than some of their calcium
carbonate counterparts. For example, in shallow-water, carbonate-rich environments,
algal symbiont-bearing larger foraminifera respond to environmental perturbations such
as bleaching earlier than corals, making them a useful proxy for studying environmental
changes in coral reef ecosystems (Hallock et al., 1995, 2003).
When assessing long-term salinity changes, foraminiferal tests have been used. In
warm-water, carbonate-dominated sediments, the distribution of porcellaneous, hyaline
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and agglutinated species tends to vary according to salinity and distance from shore;
brackish-to-normal marine lagoons are dominated by hyaline species, while normal
marine lagoons have a near-even mix of hyaline and porcellaneous species, with
porcellaneous species dominating in hypersaline lagoons (Murray, 2006). For these
reasons, the proportions of foraminiferal wall types in assemblages are used herein as a
salinity proxy.
Our study investigates the distribution and community characteristics of benthic
foraminiferal assemblages from mostly <2 m in Almirante Bay. We distinguish
differences in diversity, dominance, wall type and assemblage composition among
mangrove, seagrass, and coral reef habitats, and investigate their relationships to
previously defined areas of contrasting water quality degradation.

Study Area
The Bocas del Toro Province (8°55´–9°30´N, 82°15´–81°20´W) is an archipelago on
the northwestern coast of Panama (Fig. 1). The sampling area of Almirante Bay
exchanges water with the Caribbean Sea through two major inlets, Boca del Drago to the
north and Boca del Toro to the east, with freshwater entering the bay primarily through
the Changuinola floodplain along the northwest mainland. Bocas del Toro is a unique
tropical area of sedimentological study because of its mixed carbonate-siliciclastic regime
(Coates et al., 2005; McNeill et al., 2013).
In Bocas del Toro the wet and dry seasons are poorly defined, with the heaviest rains
occurring in July and December. The climate is very dependent on the location of the
Intertropical Convergence Zone, which fluctuates to cause variations in the ~3000 mm/yr
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of rainfall and ~1600 mm of annual runoff in Bocas del Toro (Kaufmann & Thompson,
2005). Although Panama lies outside of the hurricane belt, flooding events from storms
passing to the north are common, increasing coastal runoff and decreasing sea surface
salinities by 20 psu from the average 30–34 psu (Kaufmann & Thompson, 2005). The
tidal range is 2–15 cm and currents reach a maximum of 40 cm/sec (Greb, 1996).
Almirante Bay (Fig. 1) is ~ 446 km2 (Rodríguez et al., 1993) with islands and
peninsulas fringed by ~2,885 km2 of mostly intact mangroves that comprise ~50% of the
mangrove area on the Caribbean Panama coast (D’Croz, 1993). Seagrass beds, primarily
Thalassia testudinum, are found throughout the bay and thrive in habitats influenced by
rivers, coral reefs, mangroves, oceans, and wetlands (Carruthers et al., 2005). The coral
reefs in Almirante Bay are predominantly patch reefs, separated by seagrass beds and
small islands, and are well-developed down to a maximum depth of 23 m, representing
~53% of the total reef diversity of Panama (Guzman & Guevara, 1998) though recent
surveys show reef cover gains and losses throughout the bay (Seemann et al., 2014). The
sediments in Almirante Bay are dominated by coarse carbonate sands and mangrove
muds; however, a mountain range running parallel to and within eyesight of the coast
delivers organic matter, inorganic nutrients, and fine-grained siliciclastic sediments to the
bay (Phillips & Bustin, 1996; D’Croz et al., 2005; Guzman et al., 2005).
Guzman & Guevara (2002) divided the bay into low- and high-runoff regimes, with
high-runoff in the north where the bay is influenced by the Changuinola floodplain, is
close to mainland mountains, and has a greater influence from streams and rivers near the
town of Almirante compared to other regions of the bay. The low-runoff regime (not
included in our study) is in the southeastern bay, is farther from mountains, and receives
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less freshwater input than other regions of the bay (Phillips & Bustin, 1996; Guzman &
Guevara, 1998). Additional analysis of water quality (D'Croz et al., 2005; Collin et al.,
2009) separated the bay into Sectors A, B and C (Fig. 1) based on the influence of runoff
from the Changuinola floodplain and the proximity to Caribbean Sea inlets. Aronson et
al. (2014) found water quality to be the most degraded in Sector A, synonymous with the
upper-runoff regime, mildly degraded in Sector B (not sampled in our study) and least
degraded in Sector C, confirming that degradation is dependent on the amount of runoff
and proximity to open-ocean exchange.
Water quality and runoff regimes are largely influenced by rainfall, but they have also
been affected around Almirante Bay by progressively increasing human-induced
disturbance. The history of human occupation in Sitio Drago, northwest corner of Isla
Colon, dates back to AD 690–410, and in Cerro Brujo, on the Aguacate peninsula, it
occurred around AD 880–1250 (Linares, 1977; Linares & Ranere, 1980; Fig. 1). The
modern anthropogenic history of land-use is well documented after 1870, when most of
what is now the Changuinola floodplain was deforested for banana plantations of the
United Fruit Company. After years of disease, banana farming ceased, giving rise to
cattle farms and cacao plantations. In the 1990s, tourism became the dominant industry
(Montero, 2003; Guerron-Montero, 2005). Our study compares benthic foraminiferal
assemblages in Sectors A and C of the upper-runoff regime for differences in
foraminiferal assemblage composition and diversity corresponding to extreme differences
in water-quality.
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Materials and Methods
Sample Collection
Fifty-six modern sediment samples were collected by Gudnitz and Collins in
December 2014 from mangrove, seagrass, and coral reef habitats along the coastline of
Almirante Bay (Fig. 1, Table 1). The ponar-type grab sampler was attached to a 30-m
rope, and carefully lowered into the water at each station. Retrieved sediments were
emptied in upright orientation (except for loose sands) into a small basin and the top 2 cm
of sediment, the primary living zone for benthic foraminifera (Buzas et al., 1993), were
collected and placed in plastic bags. Water conditions such as salinity were not recorded,
because they vary greatly in these shallow waters over short time frames and distances,
and long-term records are available (Kaufmann & Thompson, 2005; Collin et al., 2009;
Seemann et al., 2014). Instead, records of long-term changes in salinity and rainfall, taken
by the Smithsonian Tropical Research Institute’s Physical Monitoring Program stations
near the study site Casa Blanca (Fig. 1), were used for reference. Of the 56 samples
collected, 16 samples were selected from mangroves (7), seagrasses (7), and coral
habitats (2) for analysis. The criteria for selection were to sample: 1) previously studied
sites (Berry et al., 2013; Cramer, 2013; Aronson et al., 2014; Seemann et al., 2014) for
data comparison, 2) areas that have varying levels of anthropogenic influence and
contrasting water quality, and 3) different habitat types adjacent to one another to assess
the degree of regional effects vs. differences in habitat type. In addition, to supplement
the coral reef samples, we included a bulk surface sample taken by hand (O’Dea &
others, STRI, 2014). Thus, a total of 17 modern sediment samples were prepared for
analysis.
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Foraminiferal Analysis
Seventeen sediment samples were washed through a 63-µm sieve to remove silts and
clays. The air-dried residues were split with a Gilson sample microsplitter to obtain a
yield of at least 300 benthic foraminifera (total, live and dead combined), a number
sufficient to accurately represent the relative abundance of species in a sample with 95%
confidence (Buzas, 1990). Each sample split was poured onto a picking tray and all
foraminifera were removed under a light microscope, placed on a cardboard slide and
taxonomically sorted and identified to the species level when possible. Morphological
deformities were also noted. Foraminifera were comparatively identified with the
literature, Collins’ collection of modern benthic foraminifera (Havach & Collins, 1997),
and type specimens of the Cushman Collection of Foraminifera, U.S. National Museum
of Natural History, Washington, D.C.

Numerical Analyses
All statistical analyses were conducted using Paleontological Statistical Software
(PAST) v. 4.01 (Hammer et al., 2001). The relative abundance of foraminiferal taxa in
each sample was calculated and base-10 log-transformed to obtain a dataset that more
closely approximates a normal distribution. Hypothesis-testing, ordination analyses such
as principle components analysis (PCA) and factor analysis have many advantages but
also mathematical constraints requiring the number of observations (samples) to be
greater than the number of variables (species); in the case of the very diverse coastal
Caribbean foraminiferal fauna, the use of these methods would require reducing the
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number of species represented by ~85%, a tremendous loss of information. To avoid a
reduction in taxa, Ward’s hierarchical cluster analysis (Ward, 1963) using Euclidean
distances was performed to measure the degree of similarity between assemblages and
the three coastal habitat types: mangrove, seagrass, and coral reef. To determine
significant differences between the resulting clusters, we ran an analysis of similarity
(ANOSIM, Clarke, 1993) with the Bray-Curtis similarity index, which measures the
dissimilarity of species compositions between two sets of data. Additionally, a similarity
percentage (SIMPER) analysis (Clarke, 1993) using Euclidean distances was performed
to identify which species were most responsible for the differences between the clusters.
Non-metric multidimensional scaling (Shepard, 1962; Kruskal, 1964) ranked sample
similarity and used the Bray-Curtis Similarity Index, which places the data points in a
two-dimensional coordinate system with a stress value indicating the amount of scatter of
data around the line of best fit (Clarke, 1993). Within-habitat diversity was calculated
from sample means of Fisher’s alpha, a diversity index which assumes a log-series
distribution of individuals within assemblages, and simultaneously considers the numbers
of species and specimens in each sample. In addition, the proportions of hyaline,
porcellaneous and agglutinated wall types per assemblage were compared with salinity
measurements.

Results
Cluster Analysis of Benthic Foraminifera
Modern benthic foraminiferal assemblages of Almirante Bay (Fig. 2) include 52
identified species (Table 2). Assemblages represent a large-scale geographic pattern
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according to the aforementioned water quality sectors A and C. Ward’s cluster analysis of
the seventeen assemblages from mangrove, seagrass and coral reef habitats produced two
distinct clusters (Fig. 3). Cluster 1 contains three mangrove and two seagrass samples,
with four of the five samples from Sector A. Cluster 2 contains two distinct clusters, 2a
(two seagrass samples and the STRI-collected coral reef sample from Sector A) and 2b,
with seven of nine samples from Sector C. Subcluster 2b joins Subcluster 2b.1 (two
seagrass, one coral and one mangrove sample) and Subcluster 2b.2 (three mangrove, one
seagrass and one coral sample).
Within Cluster 1, with the exception of MS39, samples were collected primarily from
the western side of Sector A (Fig. 1) and are dominated by Ammonia parkinsoniana.
Other common species within this cluster in order of abundance are Bolivina. striatula,
Haynesina depressula, Elphidium norvangi, B. lowmani, Rosalina floridana, R.
subaraucana, Nonionella atlantica, Buliminella elegantissima, Planorbulina acervalis,
Cymbaloporetta atlantica, and E. poeyanum.
Cluster 2a consists of samples from seagrass and fringing coral reef habitats of Sector
A. The dominant species in sample AT14-1-1, from a fringing reef off the southwestfacing coast of Isla Colón, are Planorbulina mediterranensis, C. atlantica, and R.
subaraucana, with lesser abundances of A. parkinsoniana and Quinqueloculina bosciana.
Sample MS07, collected from seagrass ~920 m from AT14-1-1, contained abundant P.
acervalis, N. atlantica, R. subaraucana, E. discoidale and Discorbis mira. Unlike
samples AT14-1-1 and MS07, the dominant species in MS31 is A. parkinsoniana, closely
followed by R. subaraucana and Elphidium poeyanum.
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Cluster 2b joins seven of the eight Sector C assemblages together with a coral (MS10)
and a mangrove (MS05) assemblage from Isla Colon in Sector A. Subcluster 2b.1 joins
four samples from all three habitat types and both sectors. Sample MS10, from the
southwest-facing coast of Isla Colón, is dominated by A. parkinsoniana, N. atlantica,
Elphidium spp. and Bolivina sp., while B. elegantissima and H. depressula comprise ~23%. Sample MS34, from the promontory (Pond Sock) extending into Almirante Bay, is
also dominated by A. parkinsoniana, with common N. atlantica, H. depressula,
Planorbulina spp. and C. atlantica. Samples MS43 and MS44 were collected ~26 m from
each other on the leeward side of Pastores Island and although MS43 was sulfidic
mangrove mud and MS44 was taken from a seagrass bed with sandy, shelly mud
containing seagrass rhizomes, both samples are dominated by H. depressula, A.
parkinsoniana and Pararotalia magdalenensis.
Subcluster 2b.2 contains two groups. One group joins samples MS45 and MS46 from
Sector C near the southern leeward side of Pastores Island, ~162 m from each other.
MS45, a coral reef sample, has R. floridana and C. atlantica in greatest abundance (~7%
each), with Q. bosciana, B. lowmani and B. striatula ranging from ~3.8–5.5%. MS46 is
dominated by Q. bosciana, B. striatula, and R. floridana. The other group contains
seagrass sample MS37 and mangrove samples MS05 and MS36. MS37 is dominated by
C. atlantica, Bolivina spp., R. subaraucana and Cibicides pachyderma. The most
abundant taxon in MS05 is A. parkinsoniana (~7%), and R. floridana, B. striatula, C.
atlantica, Q. bosciana and H. depressula are 2.5–4% each. MS36 is Bolivina-dominant
(~11%) with abundant R. floridana, A. parkinsoniana and C. atlantica.
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Other Analyses
An analysis of similarity (ANOSIM) was conducted on the cluster analysis results
as a measure of statistical significance of the clusters. The Bray-Curtis Similarity Index
of clusters 1, 2a, 2b.1 and 2b.2 (Fig. 3) produced an R value of 0.80 and p < 0.01,
indicating statistically significant differences between clusters. Results from a Similarity
Percentage analysis (SIMPER) show that when comparing Cluster 1 and Cluster 2
subclusters, A. parkinsoniana accounted for ~61–77% of the difference stemming from
the proportions of species in Cluster 1 (11% vs. 2%). Planorbulina acervalis was the
dominant species in Subcluster 2a, accounting for ~23–51% of the difference. There was
no clear dominance of one species among Subclusters 2b.1 and 2b.2; however,
proportions of H. depressula, A. parkinsoniana, and N. atlantica in 2b.1, and C. atlantica
and Q. bosciana in 2b.2 (with shared similar proportions of Rosalina and Bolivina)
account for ~80% of their dissimilarity.
Non-metric multidimensional scaling (NMDS) using the Bray-Curtis Similarity Index
(3D stress index = 0.13) shows the amount of overlap of assemblage composition in the
three habitats (Fig. 4). Seagrass samples overlap the most with coral and mangroves,
while mangrove and coral samples remain mostly separate. The most distinct
assemblages from the others are mangrove sample MS23, seagrass sample MS31 and
coral reef sample AT14-1-1.
Fisher’s alpha diversity values for benthic foraminiferal assemblages around
Almirante Bay range from ~ 4–20, µ=12 (Table 3). Values range the highest in seagrass
samples (α=6–20, µ=13) and lowest in mangrove samples (α=4–19, µ=10), but they
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overlap greatly among the three habitats. Assemblage MS23, collected near the mouth of
a small, slow-moving creek that likely contributes large amounts of freshwater, was the
least diverse. However, mangrove assemblage MS05, adjacent to MS07 (α=20) and on
the opposite side of the bay from MS23, had an alpha value of 19, similar to the diversity
found in MS37 (α=19), which was collected near the port at Almirante. The diversity
recorded in the three coral reef samples is moderate (α= 8–15) with respect to the total
range of diversity of all samples.
Proportions of the three wall types in the foraminiferal assemblages as a proxy for
salinity were compared to general salinity ranges in the Bay (Murray, 2006; Seemann et
al., 2014). A ternary diagram (Fig. 5) illustrates the proportion of porcellaneous
Miliolina, hyaline Rotaliina and agglutinated Textulariina wall types in each sample.
Coral reef samples MS45 and AT14-1-1 and seagrass sample MS37 have the highest
proportions of the porcellaneous wall type, but in general, hyaline foraminifera dominate
all samples.

Discussion
Benthic Foraminiferal Community Structure and Indicator Species
Benthic foraminiferal assemblages collected from mangrove, seagrass and coral reef
habitats around Almirante Bay were analyzed to determine differences or similarities
between assemblages and habitats. The assemblages are primarily composed of the same
taxa but in varying proportions. Below, we discuss the species showing a preference for
particular conditions to identify habitat-indicator species that can guide
paleoenvironmental assessments, since mangroves and seagrasses themselves are rarely
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preserved in the fossil record. The ANOSIM and SIMPER analyses showed that the
Ward’s hierarchical cluster analysis (Fig. 3) grouped the samples into four significantly
different clusters. The ecological significance of each cluster is described below.
Cluster 1 consists of three mangrove and two seagrass samples that contain nearshore,
stress-tolerant taxa (Fig. 3). These assemblages are dominated by Ammonia
parkinsoniana, a well-studied species tolerant of wide ranges in salinity, characteristic of
small bays adjacent to freshwater runoff or that experience periods of high evaporation
(Bock, 1971, 1976; Alve, 1995). Given their large proportions of A. parkinsoniana (11–
37%), these samples represent typical lagoonal assemblages, with low amounts of mud.
These results are consistent with results from Barbuda (Brasier, 1975b), where A.
parkinsoniana was found to be insignificant in algal and mud flats, suggesting that large
amounts of organic matter or fine-grained sediments are not essential for the species.
However, A. parkinsoniana abundances in this study are similar to those from southwest
Florida Bay (Smith, 1971) where the species was also relatively abundant (10–20%).
However, the two seagrass samples MS29 and MS39 within this cluster are less
dominated by A. parkinsoniana and although MS29 was collected ~1.8 km from MS24,
the sediments consist of muddy, coarse sand with small mollusk fragments, Halimeda,
and living Thalassia, more typical of seagrass habitats than mangroves. Other notable
stress-tolerant, inshore lagoonal species within this cluster are Bolivina striatula and
Haynesina depressula (Bock, 1976; Culver, 1990). The presence in MS39 of
agglutinating taxon Trochammina sp., dominant in brackish habitats, supports
observations from other tropical, lower salinity near-shore and mangrove settings
(Culver, 1990). It is possible that more samples contained agglutinating specimen, but the
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delicate nature of their tests and the relatively high water energy in these very shallow
areas may have resulted in their poor preservation.
Cluster 2 (Fig. 3) differs from Cluster 1 in that it is less dominated by A.
parkinsoniana. Though one of the samples in this cluster is reefal, the primary species
that differentiates Cluster 2a is Planorbulina acervalis, an epiphytic, hyaline species
dominant on Thalassia and Halimeda (Wright & Hay, 1971; Steinker & Steinker, 1976;
Buchan & Lewis, 2009). Along with Rosalina and Cymbaloporetta, planorbulinids are
commonly found in seagrass habitats, comprising up to 80% of seagrass sediment
assemblages, and have been found in seagrass beds as shallow as 1 m (Bock, 1967, 1971;
Brasier, 1975b; Steinker & Rayner, 1981; Boltovskoy, 1984; Martin & Wright, 1988;
Culver, 1990), comparable to depths in this study. Although Rosalina and
Cymbaloporetta are common in sediments in Almirante Bay, they are found in much
lower proportions compared to the aforementioned studies.
In contrast, planorbulinids are more abundant on seagrass blades than in sediment,
especially P. acervalis, the dominant species found in greatest abundance (avg. ~200
specimen/seagrass blade) in the mangrove-influenced seagrass beds of Almirante Bay at
1–1.5 m water depths (unpublished data of S. Richardson, 2005). Planorbulinids produce
a thin and fragile test, and are commonly found on seagrass blades at Key Largo, Florida
(Martin & Wright, 1988) but are not common in the sediment, in agreement with this
study’s data and in other regions of the Caribbean such as Long Haul Bay, Nevis, Lesser
Antilles where Planorbulina spp. were found at ~50% cumulative abundance on
Thalassia blades but virtually absent in the sediment (Wilson & Ramsook, 2007).
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Juvenile P. acervalis specimens are exceedingly abundant in MS07 compared to the
larger, more fragile adults occurring in other samples in this study. Thus, proportions of
juveniles are potentially useful in identifying past seagrass habitats in the fossil record.
Rosalina subaraucana and lesser proportions of A. parkinsoniana are also present in
greater proportions in Cluster 2a than in 2b, species tolerant of freshwater riverine inputs
(Drooger & Kaasschieter, 1958; Van der Zwaan & Jorissen, 1991; Wilson et al., 2017).
Planorbulina acervalis is found in 59% of the assemblages but is mostly rare (<2%)
outside of Cluster 2a assemblages where it is the most abundant species in each sample,
increasing confidence in using it as a seagrass-habitat indicator.
Subcluster 2b.1 also includes benthic foraminiferal taxa with known tolerances for
stressful environmental conditions. The most abundant species are A. parkinsoniana, H.
depressula, N. atlantica, B. striatula and Elphidium spp. Other than B. striatula, these
taxa were documented as dominant species of the shallow lagoon and inner to shallowmiddle neritic waters of the nearby Laguna di Chiriqui (Havach & Collins, 1997).
Species of the same genera have been associated with low-oxygen conditions resulting
from abundant organic matter or pollution (Sen Gupta et al., 1996; Bernhard & Gupta,
1999; Carnahan et al., 2009; Dimiza et al., 2016). The tolerance of A. parkinsoniana to
variable environmental conditions and a potential facultative anaerobe (Seiglie, 1971)
suggests that some degree of hypoxia, diurnal or seasonal, could be a factor in
assemblage compositions, but delineating other stressors from low oxygen can be
challenging. Understanding how species proportions change with fluctuating levels of
dissolved oxygen is needed to strengthen the relationship between taxa and hypoxia and
will allow for delineation from other known tolerances.
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Apart from MS10, samples in Subcluster 2b.1 were collected from muddy sediments
likely contributed from detrital mangrove and aquatic vegetation, with which Nonionella
has been commonly associated (Klosowska et al., 2002). Notably, sample MS44 in this
cluster also contains ~2.6% Buliminella elegantissima, a species common in lagoons near
open oceans with a preference for clay substrates and low-end normal salinity (32–34‰)
(Boltovskoy & Lena, 1966; Boltovskoy & Wright, 1976), and tolerant of low dissolved
oxygen conditions and high organic matter near sewage outfalls (Seiglie, 1968; Culver &
Buzas, 1995). Although hypoxia has been identified within Almirante Bay (Altieri et. al,
2017; Lucey et al., 2020), we are cautious in associating taxa with hypoxia even though
species within the genera identified in this study have been found under these conditions,
because it has been shown that environmental tolerances are most accurately applied at
the species level.
Subcluster 2b.2 contains samples (with the exception of sample MS05) proximal to
the city of Almirante and the leeward side of Pastores Island (Fig. 1). Assemblages MS45
from a coral reef and MS46 from mangroves, collected ~162 m from one another, are
joined together (Fig. 3), suggesting that oceanic conditions were a stronger influence than
other differences in habitat such as substratum. In all samples in this study, common
epiphytic types such as Cymbaloporetta and Rosalina (although very few Planorbulina
sp., possibly resulting from poor preservation as discussed above), are indicative of
phytal substrata. Seagrass sample MS37, nearer to Almirante, contains 12.7% C.
atlantica as compared to the 4.4% and 7% in MS36 and MS45, respectively; this is
expected given that seagrasses tend to have more epiphytic types, but it also suggests
improved water quality in a relatively short distance from the port city of Almirante and
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the spatial extent to which these water quality conditions are contained (Berry et al.,
2013; Seemann et al., 2014; Lucey et al., 2020). Of this study’s three coral-associated
samples, MS45 was most characteristic of a coral reef habitat because of its higher
proportion of porcellaneous species, primarily Q. bosciana, found in coral and seagrass
sediments in shallow-water carbonates of South Florida and the Bahamas (Steinker &
Steinker, 1976; Steinker, 1982; Havach & Collins, 1997; Cheng et al., 2012).
Overall, foraminiferal assemblages across the area contain many of the same species
but in varying proportions, possibly resulting from environmental preferences of
individual taxa. However, this result is also likely attributed to the patch-reef setting of
Almirante Bay, where unlike open-ocean reefs, small isolated reefs (patch reefs) are
interspersed throughout the bay adjacent to mangal and seagrass habitats or within close
proximity to these habitats. In such shallow environments, sediments, including the
foraminifera within them, can be relatively well-mixed laterally, accounting for some of
the similarities across habitats. The resulting differences in sedimentology, as in the case
of nearshore seagrass and mangal habitats, are also influenced by higher organic carbon
and finer grain sizes as compared to reefal rubble adjacent to seagrass habitats farther
from shore. These similarities in sediment composition may also explain why samples
from different habitats are joined together.

Benthic Foraminiferal Diversity
Values of Fisher’s alpha for the Almirante Bay faunas show that assemblages from
mangroves include the lowest values (4–19, µ=10), those of coral reef-associated
sediments are moderately diverse (8–16, µ=13), and seagrass samples range to the
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greatest diversity (6–20, µ=13). Clearly, there is much overlap in diversity among the
three patch reef habitats. For example, samples MS05 and MS09, from mangroves, have
diversities similar to those of seagrass beds, implying that either hydrographic conditions
have more control over assemblages than localized habitat, or lateral mixing of sediments
across the habitats is prevalent, or both. Although these two samples were collected
adjacent to mangrove prop roots and would be expected to have a greater proportion of
mud and salinity-variability-tolerant taxa, this is not the case because the corals
Millepora and nearby Agaricia, with a preference for oligotrophic waters and less muddy
substrata, are in close proximity. The occurrence of Agaricia supports a recent study
(Rogers, 2017) of mangrove-associated corals from Hurricane Hole, St. John USVI,
where Agaricia and Porites taxa were identified among the more than 30 scleractinian
coral species growing on or close to R. mangle prop roots.
In addition, the extremely low proportion of agglutinating taxa implies influence by
non-mangrove-specific conditions. A previous study (Boltovskoy, 1984) suggested that
mangrove foraminiferal faunas have a very low diversity and all mangrove-specific
foraminifera are agglutinated species endemic to mangroves, but very few agglutinated
specimens were present in any of the mangrove samples collected for this study. Poor
preservation is a possible explanation for the absence of agglutinated taxa, as many
agglutinating taxa create a test using an organic cement that is susceptible to decay and
disintegration in comparison to hyaline and porcellaneous taxa. However, a study of
Brazilian mangrove foraminiferal assemblages (Zaninetti et al., 1977) showed that
mangrove diversity is variable, resulting from abundances of endemic taxa mixed with
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species that have flexible tolerances and are capable of living in adjacent habitats, which
could explain the higher diversities in this study’s mangrove samples.
The presence of corals and reef rubble are likely influences on the sedimentology of
the surrounding area. Coral-associated samples AT14-1-1 and MS10 have very similar
diversities and shared species, but their distant grouping (Fig. 3) suggests their
compositions are fairly different even though each joins most closely with a seagrass
sample. Assessment of the foraminiferal assemblage from AT-14-1-1 revealed epiphytic
species P. mediterranensis (8%) and C. atlantica (4.7%) as most dominant, and both are
well-known indicators of phytal substrates including Thalassia (Wright & Hay, 1971;
Langer, 1993; Richardson, 2000; Buchan & Lewis, 2009).

Salinity
Foraminiferal wall type (Fig. 5) as a salinity indicator was compared to regional
values of salinity. In tropical, carbonate platforms a near-even split between hyaline and
porcellaneous types are indicative of normal marine salinities (Murray, 2006). In
Almirante Bay, partially resulting from high runoff and annual rainfall (~3000 mm),
regional salinities are highly variable and tend to be slightly lower than normal (~34–30.5
ppt) (D’Croz et al., 2005; Kaufmann & Thompson, 2005; Paton, 2020), which agrees
with the dominance of hyaline foraminiferal wall types. It would be expected that
mangrove samples would have the greatest proportion of hyaline types, given that a
dominance of hyaline relative to porcellaneous is typical of lower salinity, nearshore
environments, yet seagrass sample MS29 from the mainland coast near the city of
Almirante had the lowest porcellaneous proportion, a likely result of proximity to
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freshwater runoff. The nearby land and shallow water (1.8 m) of sample site MS29
creates highly variable salinity conditions, which helps explain the dominance of A.
parkinsoniana, tolerant of low and variable salinities (Bock, 1971; Brasier, 1975a;
Ishman, 2000). High proportions of porcellaneous wall types are typically found among
seagrass and coral habitats though their low abundances in Almirante Bay may be the
result of high freshwater runoff.
Though the STRI physical monitoring station is located in the region of Casa Blanca,
various studies have shown no significant differences in temperature or salinity between
the sampling sites throughout the bay, and attributing the fluctuations in the slightly
below normal average marine salinity to seasonal rainfall, similarly to what has been
previously recorded (D’Croz et al., 2005; Kaufmann & Thompson, 2005; Collin et al.,
2009; Paton, 2020). These salinity data agree with the foraminiferal wall types
representative of low-end normal marine salinity found in this study.

Foraminiferal Assemblages Compared to Water Quality and Meteorological Data
The relationship of coastal water quality was investigated by the degree of
correspondence of benthic foraminiferal assemblage composition to areas of differing
water quality and salinities within sectors A and C in Almirante Bay (Fig. 1; Collin et al.,
2009 Berry et al., 2013; Aronson et al., 2014; Seemann et al., 2014; Lucey et al., 2020) in
response to recent land use changes, heavy metal pollution, and hypoxia. Heavy-metal
pollutant concentrations in the three water quality sectors are at the highest levels in
sediments near Almirante and include mercury (22.9 ±8 µg kg-1), though the
concentrations were not significantly different across studied sites (Berry et al., 2013)
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Most relevant to this study are Almirante port (Fig. 1), which has experienced oil spills;
an area near Almirante and west of Pastores Island; and the scientific study site “Casa
Blanca,” off Isla Colón. The nutrient proxy chlorophyll a, together with salinity and
water clarity indicated by Secchi disk depth, have been used as the primary
measurements of water quality in Almirante Bay. Foraminiferal assemblage distributions
in relation to water quality sectors are described below.
Sector A, where the water quality is identified as most degraded (Aronson et al.,
2014), has contrasting turbidity resulting from differing water conditions that are
controlled by runoff near the mainland and across the bay off Isla Colón. The mainland
coast receives fine-grained, organic-rich mountainous runoff, whereas the eastern bay
borders Isla Colón where there is a near-even split between medium-coarse carbonaterich and fine sands with fewer organics. Slightly north of Casa Blanca off Isla Colón
(Fig. 1), the sedimentation rate is relatively high (0.97 cm/yr, Aronson et al., 2014), with
~70% of sediments <250µm including <5% silts and clays and lower amounts of detrital
organic sediments (Seemann et al., 2014). As a result, this area has relatively clear water,
a high coral diversity at 1–3 m (Seemann et al., 2014), and high dissolved oxygen levels
(Lucey et al., 2020) compared to the mainland.
Also in Sector A, samples collected closest to Casa Blanca, MS05, MS07 and AT141-1, had a relatively high mean assemblage diversity (~17) in agreement with the high
coral diversity at these depths. The foraminiferal assemblage in fringing reef sample
AT14-1-1 has a composition more reflective of a seagrass sample with a dominance of
Planorbulina (~23%), commonly found in seagrass habitats (Wright & Hay, 1971;
Brasier, 1975b; Bock, 1976; Steinker & Steinker, 1976; Collins et al., 2019).
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Comparatively, mangrove sample MS05 is not characteristic of a mangrove habitat
because although Ammonia is present as the most abundant taxon (~7%),
Cymbaloporetta, Bolivina, Quinqueloculina and Haynesina (~2.5–4%) and P.
mediterranensis (~1.7%) are also present, taxa uncharacteristic of pure mangrove habitats
(Boltovskoy, 1984). Agreements in habitat sample sedimentology, high coral and
foraminiferal assemblage diversity, and low abundances of stress-tolerant yet increased
proportions of epiphytic foraminiferal taxa suggest that water quality on the eastern coast
of Sector A is not degraded, as previous research has suggested (Aronson et al., 2014).
Conversely, western Sector A along the Changuinola floodplain includes assemblages
reflecting more stressful conditions. It has the lowest foraminiferal diversity (mean ~7)
for mangrove samples that are Ammonia-dominant with a near absence of porcellaneous
wall types (mean ~ 9%), all of which suggests lower salinity conditions, explained by the
proximity of MS23 and MS24 to riverine input. Additionally, seagrass samples MS29
and MS31 in Sector A were collected from dense seagrass beds in which hypoxia has
been measured as negligible at 5 m but increased with depth to 20 m (Lucey et al., 2020).
A sediment core taken near the Punto Donato patch reef ~2 km from the mainland within
Sector A shows evidence of increased turbidity and eutrophication that became
prominent around the mid-1900’s (Cramer et al., 2015) along with ecosystem reversions
(Cramer et al., 2020) suggestive of declines in water clarity that may be explained by
either human impacts or natural fluctuations in terrestrial runoff. Given the high diversity
of foraminiferal assemblages and water clarity at Casa Blanca, yet low diversity near the
Changuinola floodplain, water quality in Sector A is quite variable. This and previous
studies show that quantifying the amount of anthropogenic or natural stress is difficult.
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Examining sediment cores encompassing millennia, taken close to the mainland (e.g.,
near locations for MS23 and MS24) where the presence of large-scale community
dynamics readily attributed to overfishing and community shifts are not a large factor,
might reveal changes that could be related to known times of climatic and anthropogenic
events.
In Sector C, where the water-quality has been identified as least degraded (Aronson et
al., 2014), there are several indicators of stressful conditions. A site near Almirante where
MS36, MS37 and MS39 were collected, had very turbid waters (Seemann et al., 2014),
attributed to the high proportion of finer grain sizes (<63 µm–0.25 mm) that are more
likely to be resuspended. Coral diversity is also low with no Agaricia present and
domination by stress-tolerant Porites, likely attributed to the low tolerance of Agaricia to
pollution, temperature fluctuations and preference for deeper water (Guzman et al., 2005;
Seemann et al., 2012; 2014; Berry et al., 2013). Furthermore, P. furcata specimens near
the port at Almirante contained the highest concentrations of metals, particularly
mercury, in their tissues compared to the other studied sites (Berry et al., 2013).
Foraminiferal assemblages are dominated by Ammonia, Bolivina, Haynesina, and
Cymbaloporetta, of which all except Cymbaloporetta are associated with variable salinity
and high organic matter. Seagrass assemblage MS39, in the same general region (though
~1.5 km away), has a low diversity (α=6), and is dominated by A. parkinsoniana (23%)
with near 100% Porites coral cover at the 1 m depth (Seemann et al., 2014). These
differences in diversity and domination can be attributed to variable salinity and water
clarity, resulting in different degrees of water quality. Dissolved oxygen also varies
greatly. Near MS37, dissolved oxygen levels at the 5 m depth ranged from 0.41–7.52
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mg/L while along the mainland southeastward towards Pastores and near MS39,
dissolved oxygen levels are greatly reduced; in agreement with the decreased
foraminiferal assemblage diversity. Yet, even with this history of pollution, high
freshwater runoff and lower diversity of corals, of all samples in this study, MS37 has the
greatest foraminiferal diversity including many rare species.
In contrast, further south in Sector C near Pastores, sites MS43, 44, 45 and 46 have
the lowest overall foraminiferal assemblage diversity, likely resulting from salinity
fluctuations caused by high freshwater runoff at these shallow depths (1.2–1.8 m) and
reduced water circulation in this semi-enclosed section. Conversely, on the northeast side
of the island, coral diversity is high at 2–5 m with ~70% cover by Porites and Agaricia,
seagrass density and chlorophyll a values are also relatively high and waters are very
clear (Seemann et al., 2014). Although water clarity was deepest near Pastores and Isla
Colón, the highest chlorophyll a concentrations (that indicate nutrient availability and the
potential for abundant photosynthetic plankton, and thus, cloudiness) have also been
measured at Pastores (Seemann et al., 2014), suggesting patchy or variable water
turbidity.
Carruthers et al. (2005) identified mangrove-influenced seagrass habitats near MS45
and MS46, in which the coastal mangroves reduce water motion aiding water clarity and
allowing for high light penetration necessary for seagrass photosynthesis. These seagrassinfluenced habitats (Carruthers et al., 2005) often have limited coral colonies and often
contain high organic carbon yet, variable carbonate content. However, foraminiferal
assemblages had porcellaneous wall type proportions similar to the very diverse seagrass
sample MS37 near Almirante and coral sample AT-14-1-1 near Casa Blanca, and coral
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and seagrass-associated foraminiferal taxa such as Quinqueloculina, Rosalina,
Elphidium, Spirillina, Cymbaloporetta and Nonionella were present. In areas with high
seagrass abundance, epiphytic living foraminifera typically become increasingly
dominant, yet if these are taxa with fragile tests not easily preserved in the sediment, they
along with the ambient water quality conditions may partially explain low foraminiferal
diversity occurring in areas of high seagrass abundance and water clarity.
In polluted waters, dissolved oxygen can be low enough to reduce foraminiferal
diversity. Assemblages were collected at depths shallower than which dissolved oxygen
levels have previously been recorded, but the occurrence of a study’s lowest dissolved
oxygen readings at the 5-, 10- and 20-m depths along the mainland side of Almirante and
Pastores (Lucey et al., 2020), where assemblages in this study were generally least
diverse, should be given further consideration to identify possible relationships between
shallow-water dysoxia and foraminiferal taxa. The ~3000 mm/yr annual runoff and
proximity of the nearby mountain range provides frequent freshwater to create a ~0.5 m
freshwater lens that stratifies the shallow water column (Guzman et al., 2005), enabling
ideal conditions for reduced dissolved oxygen levels.

Geographic Trends in Diversity
The diversity of each assemblage does not generally break out along the habitat
designations; the means of Fisher’s alpha for coral, seagrass and mangrove assemblages
are 13, 13 and 10, respectively, and their ranges overlap. However, there is a high degree
of congruency in geographic area and diversity as there is with assemblage composition,
and thus ambient marine conditions. Mangrove samples MS05 and MS09, southwest Isla
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Colón, have diversities very similar to that of the area’s seagrass samples, such as the
nearby MS07. This is an unexpected result as mangrove samples typically have low
diversity (Boltovskoy, 1984) and their ranges in Almirante Bay reach the lowest values,
~4. Among mangrove foraminiferal assemblages, MS05 and MS09 are three times as
diverse as MS23 and MS46 (Table 3), which also have proportions of the nearshore,
variable-salinity indicator A. parkinsoniana greater by ~45%. Samples from water depths
> 2 m (Table 3) were greatest in diversity, and with the exception of seagrass
assemblages MS31, MS34 and MS37, the most diverse samples (α > 10) were all from
southwest Isla Colón in Sector A, so any water degradation there was not enough to
affect foraminiferal diversity. For example, mangrove sample MS05 from the Isla Colón
coast had a diversity very similar to that of the nearby seagrass and coral habitats
(samples MS07, AT14-1-1), which intuitively makes sense given that the sample was
collected near an area containing the stress-susceptible coral Agaricia.

Ecological Connectivity
Species distributions across all three studied habitats (Fig. 4) are a clear illustration of
the connectivity of mangrove, seagrass, and coral reefs. Previous studies (Harborne et al.,
2006; Mumby, 2006; Duarte et al., 2008; Mumby & Hastings, 2008) have discussed the
ecological importance of habitat connectivity for coral recruits, juvenile fishes, and
invertebrates in these coastal habitats; but for protists the implications may be different.
Seagrasses in this study are an interconnecting habitat between reefs and mangroves, and
many foraminiferal species are apparently able to move between them because many
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assemblages from two habitat types are closely joined in the cluster analysis, e.g. seagrass
sample MS44 and coral sample MS45.
This study focused primarily on mangrove and seagrass habitats, though it can easily
be said that many of the samples have a mixed-habitat assemblage evidenced in their
sedimentology and as witnessed during sampling. For example, living corals were seen
within a few meters while samples were collected directly under R. mangle prop roots. In
patch reef settings where multiple habitats are adjacent to one another, ambient
hydrographic conditions are likely to be similar, aiding in the dispersal of foraminiferal
taxa. Foraminifera are capable of retreating laterally downcurrent or adjusting their
vertical zonation within the sediment in response to changing conditions (Ellison et al.,
1986; Jorissen, 1999). However, for example, if environmental conditions become
unfavorable for seagrass productivity, the abundances and diversity of foraminiferal taxa
living in seagrasses and that solely rely on horizontal dispersion may decline because of
the reduced ability to laterally retreat, comparable to the case of temporarily dysoxic
conditions related to harmful algal blooms. In the disappearance of a connecting habitat,
species that are typically dispersed between habitats could become restricted to only one
habitat, which would likely increase the abundance of shared and rare taxa for the newly
colonized habitat. Therefore, a loss in seagrass cover in this region is likely to have a
small effect on the overall diversity of foraminifera but could eliminate habitat-specific
taxa.
The results of this study have some implications for seagrass bed conservation and
management. Seagrasses were most diverse with many species overlapping with
mangroves and corals, while mangroves and corals are least likely to support the same
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species in the same proportions, with the exception of a few common, variable-salinitytolerant taxa such as Ammonia, Haynesina and Elphidium; therefore, preserving the
interconnected seagrass habitat may be more important than generally recognized.
Whereas, from a paleoecological perspective, it is unlikely that many of the encrusting,
fragile, epiphytic foraminiferal species such as Planorbulina will be preserved in the
fossil record, and because seagrass and coral habitats have many shared species (but in
different proportions), it can be difficult to discern seagrass from coral habitats if the
abundance of taxa cannot be quantified, which is a likely result when a reduction or
complete disappearance of a particular habitat occurs. These results further emphasize the
need and importance for more foraminiferal studies to better identify proportional species
occurrences that will aid in identifying habitat indicators.

Conclusions
The shallow-tropical coastal habitats of Almirante Bay were studied for the
distribution and diversity of benthic foraminiferal species in relation to known differing
water quality regions of the bay, with these conclusions:
•

Mangrove, seagrass, and coral reef habitats in Almirante Bay have species

compositions that are primarily reflective of differences in physiography and
hydrography, with strong evidence for stressed environmental or strongly freshwaterinfluenced conditions.
•

The least diverse mangroves and other habitats identified as being stressful are

dominated by Ammonia parkinsoniana, while occurrences of Planorbulina acervalis
help in differentiating and identifying seagrass habitats, which tend to be most
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diverse. Foraminiferal wall types that indicate slightly below normal salinity in
Almirante Bay agree with previous measurements and water quality monitoring. The
low abundance of agglutinating taxa such as Trochammina sp. in very few mangrove
samples is evidence that the mangrove samples collected do not reflect a full
mangrove assemblage and are more indicative of nearshore habitats.
•

The foraminiferal assemblages did not clearly demonstrate changes in diversity or

species distribution that can be attributed to the effects of land use change, heavy
metal pollution or other human-related environmental impacts, as was observed in
studies of corals (Berry et al., 2013; Aronson et al., 2014; Seemann et al., 2014).
Rather, the foraminiferal distribution was more influenced by proximity to freshwater
input and seagrass habitats. Foraminiferal community distributions showed that water
quality within Almirante Bay is variable even within the characterized sectors, as was
distinctly displayed when comparing the data from the eastern and western sides of
Sector A.
•

Stress-tolerant species such as Ammonia parkinsoniana, Buliminella

elegantissima, Nonionella atlantica and Bolivina spp., which have been associated
with environments subject to seasonal hypoxia, are present in foraminiferal
assemblages. Although hypoxia has been observed at 5–20 m, primarily in Sector C
near Almirante Bay and Pastores (Altieri et al., 2017; Lucey et al., 2020), in areas of
lower foraminiferal diversity, even shallower waters might also experience sufficient
episodic hypoxia to influence foraminiferal populations. Very shallow, coastal waters
with variable organic matter input from terrestrial and decaying marine phytal

50

material, in this case from mangroves and proximal seagrass, may be leading
contributors to such conditions.
•

Additional sampling of coral reef habitats within Almirante Bay would provide

additional reefal foraminiferal data to more evenly balance the number of samples
analyzed per habitat. Perhaps more important is the investigation of habitat change
over time in the main areas of anthropogenic disturbance, which include the coastline
off the Changuinola floodplain, Almirante, and Isla Colón. Building upon the baseline
data of this study, sediment cores collected in these areas would show if their early
1900’s land-use changes had an effect on foraminiferal and other marine communities
that were already naturally affected by coastal runoff.
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Figures

Figure 1. Map of sampling sites (dots) of Almirante Bay, Bocas del Toro, Panama.
Habitats of sites (collected by Gudnitz and Collins in December 2014) identified by
colors: mangrove (pink), seagrass (green) and coral reef (black). Arrows indicate
direction of surface circulation (Saric, 2005). A, B and C = areas of differing water
quality (Aronson et al., 2014) discussed in text.
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Figure 2. Modern benthic foraminifera from Almirante Bay, Bocas del Toro, Panama.
From left: 1 Discorbis mira, 2 Bolivina striatula, 3 Articulina mucronata, 4 Haynesina
depressula, 5 Rosalina subaraucana, 6 Cymbaloporetta atlantica, 7 Ammonia
parkinsoniana, 8 Nonionella atlantica, 9 Tubinella funalis 10 Triloculina fiterrei 11
Elphidium poeyanum, 12 Fissurina lucida 13 Planorbulina acervalis, 14 Spirillina
vivipara, 15 Quinqueloculina bosciana, 16 Miliolinella californica, 17 Quinqueloculina
lamarckiana, 18 Cornuspira planorbis. With the exception of P. acervalis (~1 mm) all
specimens are within 63–250 µm.
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Figure 3. Ward’s hierarchical cluster analysis with Euclidean distances of modern benthic
foraminiferal assemblages and the habitat from which they were collected (m =
mangrove, s = seagrass, c = coral reef).
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Figure 4. Non-metric multidimensional scaling (Bray-Curtis Similarity Index) of
foraminifera assemblages and the habitat from which they were collected (pink =
mangrove, green = seagrass, grey = coral.
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Figure 5. Ternary plot of assemblages based on percentages of foraminiferal wall type
(Table 3)
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Tables
Table 1. Sample site data and sediment description.
Sample
ID

Latitude

Longitude

Water
depth
(m)

Habitat

AT14-1-1 9°21.7164′N 82°16.7934′W

2.4

Coral

MS05

9°22.040′N

82°16.341′W

1.5

Mangrove

MS07

9°22.168′N

82°16.576′W

6.0

Seagrass

MS09

9°23.124′N

82°18.296′W

1.5

Mangrove

MS10

9°23.109′N

82°18.208′W

4.5

Coral

MS23

9°20.787′N

82°23.142′W

3.0

Mangrove

MS24

9°20.282′N

82°23.202′W

1.0

Mangrove

MS29

9°18.922′N

82°21.475′W

1.8

Seagrass
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Sediments
Fringing reef near
Smithsonian Tropical
Research Institute’s
marine station
Mangrove sand and
mud, Millepora and
Agaricia growing
towards site
Patchy seagrass w/
barrel sponges and
Agaricia, sample
surface tan, medium
dark gray ~2 mm
below.
Mangrove, sandy
mud?, Agaricia
growing towards site
Fine, sandy mud, ~20
m off mangroves of
MS09, much patchy
coral
Dark gray, sandy
mud w/ many
mollusks, mostly
bivalves, ~20 m
seaward of
mangroves
Dark gray, nonsulfurous mud,
abundant ophiuroids
greenish-brown
sample surface
Seagrass bed of
Thalassia w/
Halimeda and
muddy, coarse sand
and very small shell

fragments, ~30 m off
mangroves

MS31

9°19.367′N

82°21.574′W

4.7

MS34

9°17.592′N

82°20.658′W

1.3

MS36

9°17.042′N

82°22.923′W

1.3

MS37

9°17.112′N

82°22.992′W

1.2

MS39

9°16.936′N

82°23.782°′W

1.0

MS43

9°14.959′N

82°21.971′W

1.2

MS44

9°14.973′N

82°21.970′W

1.8

MS45

9°12.423′N

82°21.195′W

1.2
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Dense seagrass bed,
coarse sand w/ small
mollusk fragments
Seagrass bed fringing
larger coral reef;
Seagrass
muddy, coarse sand
w/ small shells and
coral fragments
Mangrove mud and
roots w/ garbage and
Mangrove
small bivalves
including mussels
Dense seagrass bed
of Thalassia w/
Seagrass
Halimeda and some
coral rubble, in
coarse muddy sand.
Dense seagrass bed
w/ very thick leaves,
very few bare spots
Seagrass
of sandy, dark gray
mud w/ coral
fragments
Mangrove mud,
Mangrove caught cloth garbage,
sulfidic smell
Seagrass bed, ~15 m
from fringing
Seagrass
mangrove of MS43;
sandy, shelly mud w/
seagrass roots
Muddy sand, taken
from dead coral
patch, landward side
Coral
of long bed of
Porites bordering
coast w/ steep slope
seaward
Seagrass

MS46

9°12.378′N

82°21.119′W

1.2
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Mangrove mud and
fine sand w/ small
bivalves, coral
Mangrove fragments and
Halimeda, algal? mat
w/ mangrove roots
on surface

Table 2. Relative abundance (%) of foraminiferal species per sample.
Species
AT14-1-1 MS05 MS07 MS09 MS10 MS23 MS24 MS29 MS31 MS34 MS36 MS37 MS39 MS43 MS44 MS45 MS46
1.93 6.82 1.35 19.51 12.41 46.73 36.08 25.06 9.78 10.67 4.73 4.01 22.96 9.89 7.69 2.42 1.97
Ammonia parkinsoniana (d'Orbigny, 1839)
2.13
0.71
0.85 0.54
Articulina mucronata d'Orbigny, 1839
1.37
0.94
2.25
Biloculina eburnea (d'Orbigny, 1839)
Bolivina lanceolata Parker, 1954
0.84
4.90 2.83 1.85 5.30 1.92 4.15 2.63
2.35 1.43 0.56
Bolivina lowmani Phleger & Parker, 1951
2.25 1.99 1.89 2.44 2.18
0.96 3.41 2.43 2.44 2.18 0.79 4.31 7.88 1.68 1.33 5.78 4.72 9.26 13.43 4.62 3.81 8.55
Bolivina striatula Cushman, 1922
0.35 1.89
0.54 1.05
Bolivina tortuosa (Brady, 1881)
1.32
Buliminella elegantissima (d'Orbigny, 1839)
1.35 0.35 2.18 0.40 0.98 0.95 0.56 0.53 0.53 0.94 3.70 1.77 2.31
1.73
0.82
1.29
0.54
Buliminella milletti Cushman, 1933
0.47
Cancris sagra (d'Orbigny, 1839)
0.35 2.36
0.81 3.14
Cibicides pachyderma (Rzehak, 1886)
0.96
1.04
0.28
0.18 0.71 1.48
Cornuspira planorbis Shultze, 1854
1.36
0.39
1.42 0.54
6.92 1.32
6.70 4.53 4.38 12.74 4.07
Cymbaloporetta atlantica (Cushman, 1934)
0.32 3.41 1.35 1.39
0.59
Cymbaloporetta squammosa (d'Orbigny, 1839)
0.54
Discorbis mira Cushman, 1922
1.65
2.16
Elphidium discoidale d'Orbigny, 1839
0.55
2.70
2.63
0.80 1.23 2.12 5.19 5.65 3.85
Elphidium norvangi Buzas, Smith & Beem, 1977
3.68 0.59 0.59 2.39
1.92 2.08
1.85
1.43 8.38 1.87
Elphidium poeyanum d'Orbigny, 1839
1.62 0.70 2.59 1.39
1.54
Fissurina lucida (Williamson, 1848)
0.68
0.66
Fursenkoina pontoni (Cushman, 1932)
0.68
0.78 0.95 0.56 0.53 0.53 1.18 0.37 1.77 0.77
0.32
1.35
Hauerina fragilissima (Brady, 1884)
3.35 0.80
3.14 3.14 0.79 2.94 9.07 1.96 5.33 0.70 1.65 6.30 4.24 13.46 1.38
Haynesina depressula (Walker & Jacob, 1798)
2.56
1.05
Hopkinsina sp.
0.94
2.08
1.42
Miliolinella californica Rhumbler, 1936
0.28 0.27 0.18 0.24
0.82
0.96 1.42 1.08
Mychostomina revertens (Rhumbler, 1906)
6.96 4.36 1.57 0.48 1.40 6.93 1.05 0.24 1.11 2.83 2.31 2.08 2.63
1.61 1.70 7.03
Nonionella atlantica Cushman, 1947
0.59
0.95 2.79 0.80 2.45 0.71
6.01 3.85
Pararotalia magdalenensis Lankford, 1973
0.96 0.28
Peneroplis pertusus Forskal, 1775
0.70 0.27
15.36 1.33 0.35
1.48
Planorbulina acervalis Brady, 1884
23.47 1.70 9.46 3.83 1.91 0.99
Planorbulina mediterranensis d'Orbigny, 1826
1.35
3.20 0.35
1.68
Quinqueloculina agglutinans d'Orbigny, 1839
1.35
1.42
Quinqueloculina angulata Williamson, 1858
0.84
Quinqueloculina bicornis (Walker & Jacob, 1798)
1.05 1.65
2.69 5.54 13.16
Quinqueloculina bosciana d'Orbigny, 1839
1.93 2.84 1.62
0.59
Quinqueloculina costata (d'Orbigny, 1878)
3.11
Quinqueloculina impressa Reuss, 1850
3.00
1.29
Quinqueloculina polygona d'Orbigny, 1839
1.32
0.35 0.27
0.71
0.71 1.15
Rectobolivina glabra Bermudez, 1949
0.41
Rectobolivina limbata (Brady, 1881)
0.85
0.35
Rectobolivina raphana ? Parker & Jones, 1865
0.40
1.60
Reussella spinulosa (Reuss, 1850)
2.22
Rosalina concinna (Brady, 1884)
6.13
3.98
3.83
1.57
2.22
3.08 6.92 8.55
Rosalina floridana (Cushman, 1922)
2.39
Rosalina globularis d'Orbigny, 1826
0.48 8.94 2.93 0.53 2.12
0.66
Rosalina subaraucana (Cushman, 1922)
2.57 1.42 5.95 5.92 0.82 1.19
0.95
1.12 0.27
Sagrina pulchella d'Orbigny, 1839
0.64
Siphonina pulchra Cushman, 1919
1.73 1.32
Spirillina vivipara Ehrenberg, 1843
0.32 0.57 1.35
1.50
0.20
0.53
1.18
0.71
Spiroloculina antillarum d'Orbigny, 1839
0.56
Spiroloculina depressa d'Orbigny, 1826
Textularia agglutinans d'Orbigny, 1839
0.84
Trochammina sp. Parker & Jones, 1859
0.77
1.14
0.48
3.33
No. specimens per sample
311 352 370 287 733 505 510 419 358 375 571 424 270 283 260 289 152
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Table 3. Habitats and characteristics of foraminiferal assemblages.
Sample ID
AT14-1-1
MS05
MS07
MS09
MS10
MS23
MS24
MS29
MS31
MS34
MS36
MS37
MS39
MS43
MS44
MS45
MS46

Coastal
No.
No.
Fisher's
Wall Type
Habitat Specimens Species
α
%H %P %A
Coral
311
48
15
70.42 29.58 0.00
Mangrove
352
58
19
84.94 13.92 1.14
Seagrass
370
62
20
80.27 19.46 0.27
Mangrove
287
52
18
86.41 13.59 0.00
Coral
733
62
15
78.58 21.01 0.41
Mangrove
505
22
4
99.02 0.98 0.00
Mangrove
510
30
6
88.63 11.18 0.20
Seagrass
419
27
6
96.66 2.86 0.48
Seagrass
358
47
14
80.45 19.55 0.00
Seagrass
375
59
19
83.20 16.80 0.00
Mangrove
571
43
10
91.77 8.23 0.00
Seagrass
424
65
19
70.99 29.01 0.00
Seagrass
270
26
6
84.07 11.48 4.44
Mangrove
283
35
10
95.76 2.12 2.12
Seagrass
260
28
7
89.62 7.31 3.08
Coral
289
31
8
64.01 35.99 0.00
Mangrove
152
19
5
73.03 25.00 1.97
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CHAPTER 3. FORAMINIFERAL COMMUNITIES OF A MID-HOLOCENE REEF:
ISLA COLÓN, CARIBBEAN PANAMA*
Abstract
The distribution of mid-Holocene, tropical benthic foraminiferal assemblages, including
species’ proportions, diversity, dominance, and wall type, were analyzed for their
correspondence to marine habitats and invertebrate facies. Benthic foraminifera are
useful for paleoenvironmental reconstructions because the modern ecology of many
species found as Quaternary fossils is known. Samples were collected from trenches in
~30,000 m2 of an excavated Acropora cervicornis-dominated, mid-Holocene reef with an
age of ~6 kyr on Isla Colón (Colon island), bordering Almirante Bay in Bocas del Toro,
Caribbean Panama. Bulk sediment samples were collected from a maximum depth of ~7
m below modern mean sea level and classified in the field into five invertebrate biofacies:
1) A. cervicornis-dominated reef, 2) molluscan mud, 3) Porites-Agaricia reef, 4) mixed
coral, and 5) Lobatus-dominated seagrass. Sediment carbon and grain size analyses, a
cluster analysis performed on the relative abundance of species per sample, and the
Fisher’s alpha diversity index were used to compare sample similarity and environmental
variables to determine habitat relationships. Most samples contained high total inorganic
carbon and poorly sorted, medium-coarse sediments. Principle component analysis of
sediment grain size and carbon values did not show a clear correspondence among
samples, habitat type or location of trenches. Foraminiferal assemblages in A. cervicornis
and other reefal samples (categories 1, 3 and 4, above) had the greatest diversity and did
not distinguish between the three reefal types, suggesting similar, normal marine
conditions and/or mixing of coral fragments. Molluscan mud samples with high total
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organic carbon content were least diverse with dominant Ammonia and Elphidium taxa,
though foraminifera in other molluscan mud samples showed a transition to proximal reef
corals. Seagrass samples were differentiated from molluscan mud samples and had
similar diversities and species assemblages to the Porites-Agaricia samples, and taxa
known to be temporary grazers and living temporarily attached to seagrass blades are
present in relatively greater amounts in these samples.
Based on the distribution of foraminiferal species across this mid-Holocene coral reef,
we conclude that it was a patch reef that included high-organic and seagrass facies similar
to those of modern Almirante Bay. Results from this study can be compared to modern
foraminiferal studies to investigate whether the modern habitats of BDT are significantly
different from the pristine reefs of the mid-Holocene.

*Gudnitz, M. N., Collins, L. S., and O'Dea, A., 2021, Foraminiferal communities of a
mid-Holocene reef: Isla Colón, Caribbean Panama: Palaeogeography, Palaeoclimatology,
Palaeoecology, 562,110042. https://doi.org/10.1016/j.palaeo.2020.110042
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Introduction
Roughly 80% of all Caribbean coral cover has declined since the 1970s (Gardner et
al., 2003; Jackson et al., 2014) and although human activity is the suspected main cause
for these recent changes, extinctions and turnovers of reef species have occurred for
millions of years. For example, Plio-Pleistocene glacial cycles influenced changes in
ocean circulation patterns and marine conditions in the Pacific and Caribbean, resulting
in a turnover of coral species to those better adapted to survive climatic changes (Budd
and Johnson, 2010). Most modern declines in reef health are attributed to disease, loss of
herbivores through overfishing that has resulted in macroalgal overgrowth of corals, and
high sedimentation, resuspension, and eutrophication (Lessios, 1988; Mumby et al.,
2007; Mumby and Steneck, 2008). In Bocas del Toro, Caribbean Panama, increased
runoff and changes in coral cover from domination of Porites to Agaricia suggested that
water quality in the region has been degraded, prompting additional monitoring of
conditions such as water clarity, eutrophication, temperature stress and the effects of
pollutants on reefs and regional marine biodiversity (Collin et al., 2009; Berry et al.,
2013; Seemann et al., 2014). However, the pre-altered, Quaternary state of coral reef
ecosystems in this region has been unknown until recent studies that have shown they are
distinctly different from the modern reefs (Cramer et al., 2020; O’Dea et al., 2020). This
study of benthic foraminiferal assemblages from “pristine,” mid-Holocene coral reef
facies in Bocas del Toro provides insight into the diversity and distribution of these
assemblages prior to human disturbance.
Benthic foraminifera, marine protists that produce either a calcium carbonate or
agglutinated test of cemented sand, organic matter or other marine particles, are sensitive
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to temperature, salinity, and water depth, making species useful as environmental
indicators. The proportion of hyaline, porcellaneous and agglutinated wall types within
foraminiferal assemblages has been used as a proxy for past and modern habitat salinity.
In warm-water, carbonate-dominated environments, the distribution of porcellaneous,
hyaline and agglutinated species tends to vary according to salinity and distance from
shore; brackish-to-normal marine lagoons are dominated by hyaline species, while
normal marine lagoons have a near-even mix of hyaline and porcellaneous species, with
porcellaneous species dominating in hypersaline lagoons (Murray, 2006). For these
reasons, foraminifera have been used to reconstruct past environments to identify changes
in local and global marine conditions, such as the effects of habitat loss and declining
water quality (Debenay and Fernandez, 2009). Many studies have shown that some
species have an association with sediment grain size (Bock, 1971; Boltovskoy and
Wright, 1976; Havach and Collins, 1997), which may depend on the amount of organic
matter (Poag, 1981; Brasier, 1975a), water energy and ocean circulation. For example,
Brasier (1975a) reported that studies from the Caribbean (Cebulski, 1969; Wright, 1964;
Seiglie, 1971) suggested that stable backreef and bay faunas yield thinly walled miliolids
and soritids in association with clear, calm water, and abundant carbonate fines can be
found in greater abundance in seagrass habitats. However, in the Bocas del Toro region
across 3.7- to 240-m water depths, the correlation between grain size and habitat tends to
be weak (Havach and Collins, 1997).
In this study we investigate the distribution and diversity of benthic foraminiferal
assemblages from a ~6,000-year-old coral reef with associated seagrass and mollusk
habitats that grew under a mixed carbonate-siliciclastic regime near the island of Isla
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Colón, Bocas del Toro, Panama. This study addresses the following questions: 1) How
does the benthic foraminiferal distribution and diversity compare across mid-Holocene,
tropical, reefal habitats?; 2) How do the sampled habitats compare to sediment grain size
and carbon measurements?; and 3) How do the foraminiferal associations compare to
field assessments of invertebrate-associated habitats?

Study Area
Pleistocene uplift of the Bocas del Toro (BDT) archipelago (Collins et al., 1995) and
rising seas over the last ~8 kyr (Lambeck et al., 2014) caused formation of its many
islands (Fig. 1). The Bocas del Toro Province (8° 55´–9° 30´ N, 82° 15´–81° 20´ W) is
sedimentologically unusual in the Caribbean because of its mixed carbonate-siliciclastic
regime that results from erosion of siliciclastics from the nearby Central Cordillera,
within eyesight of the BDT coastline, combined with modern coral rubble and carbonate
shoals in the surrounding coastal areas. Isla Colón, the largest island within the
archipelago, and the location of this mid-Holocene reef study, is bounded by the open
Caribbean Sea to the northeast and Almirante Bay to the southwest.
The mid-Holocene reef was formed before human settlement along the coast, so has
only been altered by natural changes. Though the human occupation of Panama dates
back to the terminal Pleistocene (11,100 – 10,000 cal yr B.P.), radiometric dates from
two archeological sites (Fig. 1) show occupation in Sitio Drago, northwest corner of Isla
Colón, by AD 690–1410, and Cerro Brujo, on the Aguacate Peninsula, around AD 880–
1250 (Linares, 1977; Linares and Ranere, 1980). Thus, the preserved reef provides an
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ideal, “pristine” setting for reconstructing and differentiating past habitats using
environmentally responsive benthic foraminiferal assemblages.

Materials and Methods
Sample Collection
In 2013, a ~30,000-m2, Acropora cervicornis-dominated reef was exposed during
clearing of land for a touristic resort. For a Smithsonian Tropical Research Institute
(STRI) group study of the mid-Holocene Caribbean reef, eight vertical trenches with
depth ranges ~3–6 m below modern mean sea level were dug into the exposed sediment
and samples were collected from various horizons within the trenches (Figs. 2–4).
Thirty-seven bulk samples of sediment were collected from horizons within the eight
trenches and categorized in the field by their dominant macroinvertebrates (Fig. 4).
Eighteen subsamples from the bulk samples were chosen for foraminiferal analysis on the
basis of obtaining a representative number of samples from each invertebrate-associated
habitat type distributed around the reef. The subsamples were characterized by the
dominant macrofauna observed in the field, as follows (Table 1): 1) the reef coral
Acropora cervicornis (four samples); 2) bivalve- and gastropod-dominated muds, herein
termed “molluscan mud” (four); 3) reef corals Porites-Agaricia (four); 4) fringing reef
corals A. cervicornis and Porites-Agaricia with interspersed Millepora, herein termed
“mixed coral” (two); and 5) the conch Lobatus (four), herein termed “seagrass” because
of its preferred habitat (Brasier, 1975a; Ray and Stoner, 1995; Stoner, AW et al., 1996;
Stoner, Allan W., 1997; Schweizer and Posada, 2006). Subsamples were processed and
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analyzed for foraminifera in the Paleontology Laboratory at Florida International
University.

Ages
Radiocarbon ages from four mineralogically pristine, in-situ samples of A. palmata
(STRI samples AT13-5-1A, AT13-5-2A, AT13-5-3A, and AT13-5-6A), from Trench 4
near sample SB4-01 (Fig. 3) were obtained in 2016 via Accelerator Mass Spectrometry at
the University of Georgia Center for Isotope Studies. Ages were calibrated to calendar
years using CALIB 7.02 (http://calib.qub.ac.uk/calib; (Stuiver and Reimer, 1993; Stuiver
et al., 2005), the Marine13 calibration dataset (Reimer et al., 2013), and an integrated,
time-dependent global ocean reservoir correction. The age difference between the local
ocean reservoir and modeled values (DR) was set at -5 ± 20 (the value used by Beta
Analytic, Inc., Miami). Calibrated ages were determined to be 6638, 6589, 6626, and
6533 cal BP, respectively (O’Dea et al., 2020). These ages are consistent with the U-Th
ages used by Fredston-Hermann et. al. (2013) of ~7.2–5.8 kyr BP obtained from coral
blocks from similar depths at the southern end of the reef (not shown in Fig. 2).

Foraminiferal Preparation
Sediment samples were washed through a 63-µm sieve to remove silts and clays.
Residues were dried under air and split with a Gilson sample microsplitter to obtain a
yield of approximately 300 benthic foraminifera, a number sufficient to accurately
represent the relative abundance of species in the sample with 95% confidence (Buzas,
1990). Each split residue was poured onto a picking tray and all foraminifera were
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removed under a light microscope, placed on a cardboard slide, and taxonomically sorted
and identified to the species level when possible. Foraminifera were comparatively
identified with the taxonomic literature, Collins’ collection of modern benthic
foraminifera from Bocas del Toro (Havach and Collins, 1997) and type specimens
housed in the Cushman Collection of Foraminifera, U.S. National Museum of Natural
History, Washington, D.C.

Sediment Analyses
Ten grams of dry, unwashed sediment from each of the 18 samples were weighed and
sieved through 63µm, 125µm, 250µm, 500µm, 1000µm and 2000µm nested sieves. Each
size fraction was weighed and proportions were compared using the Wentworth (1922)
grain size classification.
The total carbon (TC) of the 18 samples, the sum of the total organic carbon
(TOC) and total inorganic carbon (TIC), was measured at the Carbon Analysis
Laboratory at Florida International University. Powdered sediment (~0.3000 g) from each
sample was placed in a LECO CR-412 carbon analyzer furnace calibrated using a carbon
standard (C4-500, Fisher Scientific) and dolomite standard (Dolomitic Limestone NIST
88b), and heated to 1450° C. The analyzer uses an infrared cell to measure the amount of
CO2 produced by combustion. The TOC was calculated by subtracting the difference
between the original sample weight and the residual sample (TOC= TC-TIC), whereas
TC and TIC are expressed as a weight percentage of bulk CaCO3.
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Numerical Analyses
All statistical analyses were conducted using Paleontological Statistical Software
(PAST) v. 4.03 (Hammer et al., 2001). The relative abundance of the foraminiferal taxa
representing >2% was used, reducing the dataset to eliminate the “noise” from rare taxa.
The abundance data were base-10 log transformed to more closely approximate a
normally distributed dataset. Hypothesis-testing, ordination analyses such as principle
components analysis (PCA) and factor analysis have many advantages but also
mathematical constraints requiring the number of observations (samples) to be greater
than the number of variables (species); in the case of the very diverse Caribbean
foraminiferal fauna, the use of these methods would require reducing the number of
species represented by ~85%. To preserve the diversity of common taxa, Ward’s
hierarchical cluster analysis using Euclidean distances was performed to measure the
degree of similarity between assemblages and macrofauna-defined habitats. To determine
significant differences between the resulting clusters we ran an analysis of similarity
(ANOSIM) with a Jaccard similarity index, which measures how distinct or shared
(intersection and union) the data are between two sets of data, using the output on all
samples. Additionally, a similarity percentage (SIMPER) analysis using Euclidean
distances was performed to identify which species were responsible for the differences
between the clusters.
Within-habitat diversity was measured with Fisher’s alpha, an index which assumes
the proportions of species within assemblages have a log-series distribution and uses the
numbers of species and specimens in each sample (Table 1). In addition, the proportion
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of hyaline, porcellaneous and agglutinated wall types was calculated for each sample to
estimate past salinity.
Principle components analysis was applied to determine correlations between
sediment grain size and carbon data (TIC and TOC) for all samples. In order to reduce
the amount of variables compared, grain size classes were assigned to four groups that
reflect the strength of water currents and turbulence: 1) mud (<63 µm), 2) fine sand (63–
249 µm), 3) medium-coarse sand (250 µm – 1999 µm), and 4) pebble (> 1999 µm).

Results
Cluster Analysis of Foraminiferal Assemblages
A cluster analysis of foraminiferal assemblages resulted in three primary clusters
(Fig. 5, clusters 1–3) that can be compared to the invertebrate-associated habitats, as
follows. Cluster 1 contains two molluscan mud samples. Cluster 2 contains two
molluscan mud and one A. cervicornis-dominated sample. Cluster 3 produced two
subclusters, of which the second can be split into two groupings: Subcluster 3a contains
two seagrass and one Porites-Agaricia-dominated sample, while Subcluster 3b consists
of the remaining ten samples, representing all sampled habitat types except for molluscan
mud. The clusters’ foraminiferal species, dominant invertebrates and environmental
associations are listed below.
•

Cluster 1: low salinity, stress-tolerant, near-shore dominant taxa. Samples SB3-02
and SB3-03 are dominated by Ammonia parkinsoniana, Elphidium poeyanum, E.
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gunteri, and Nonionella atlantica. Ammonia and Elphidium taxa represent over
~63% of the assemblage in samples SB3-02 and ~53% in SB3-03.

•

Cluster 2: transitional, molluscan mud. This contains molluscan mud-associated
samples SB3-04 and SB3-06 and A. cervicornis-dominated sample SB4-01, each
with a ~20% assemblage composition of Cymbaloporetta atlantica, Spirillina
vivipara and Cornuspira planorbis. Biloculina eburnea is found in high
abundances in SB3-04 and SB3-06 but was not identified in SB4-01.

•

Cluster 3, Subcluster 3a, seagrass invertebrate association. Samples SB6-04 and
SB6-06 and Porites-Agaricia sample SB7-01 show a lower dominance in taxa,
with the greatest proportions attributed to A. parkinsoniana, Haynesina
depressula, N. atlantica, Cymbaloporetta atlantica, Rosalina spp., and the
occurrence of Articulina mucronata. The diversity within these samples varies
greatly with >21 species represented and the majority being hyaline. The other
seagrass-associated samples, SB6-03 and SB6-07, group with mixed coral
samples instead of within this subcluster, even though all four samples were
collected from the same trench yet from different depths.

Cluster 3, Subcluster 3b, nearshore, mixed coral/seagrass invertebrate
associations. The subcluster of SB1-01, SB2-12, SB8-02, SB8-01, SB7-02, SB503, SB6-09, SB6-07, SB2-11 and SB6-03 forms two distinct groupings. The first
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group of SB8-01 and SB8-02, Porites-Agaricia-associated samples collected from
Trench 8, closely clusters with SB1-01 and SB2-12, A. cervicornis samples from
Trenches 1 and 2, respectively. This grouping may be attributed to the proportions
of Biloculina, Cornuspira, Spirillina and Quinqueloculina present within each
sample, though SB1-01 is separated from the other three samples, likely resulting
from greater proportions of Miliolinella and Ammonia. The second grouping,
SB7-02, SB5-03, SB6-09, SB6-07, SB2-11, and SB6-03, is a mix of coral- and
invertebrate seagrass-associated samples, with three of the six samples from
Trench 6. Seagrass samples are closely grouped within Subclusters 3a and 3b,
while showing assemblage similarities to Porites-Agaricia and mixed coral
samples, which also have a strong Porites influence.

ANOSIM and SIMPER
The analysis of similarity (ANOSIM) between the clusters resulted in only one
significant difference (p < 0.05 with a Bonferroni-corrected value), between Cluster 3a
and Cluster 3b (p = .018). To determine which species were responsible for the
differences between Clusters 3a and 3b, a similarity percentage (SIMPER) was
performed, showing that Ammonia parkinsoniana, Biloculina eburnea and Haynesina
depressula are the top three species contributing to the difference, at 12.12%, 10.37% and
9.78%, respectively.
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Foraminiferal Diversity
The Fisher’s alpha diversity of the foraminiferal assemblages across the reef ranged
from 3.1–18.3 (Table 1) with an average of 10.9 ± 3.5. The greatest diversity (α = 18.3)
was measured from an A. cervicornis sample, while the lowest diversity (α =3.1) was in a
molluscan mud sample, consistent with other studies of nearshore coastal environments
(Stephenson, 2011; Fajemila et al., 2015). Invertebrate-associated seagrass and PoritesAgaricia samples have very similar alpha values, 11.0 and 10.4, respectively, and
molluscan mud samples SB3-04 and SB3-06 have a similar average alpha value of 11.5.
With the exception of the two molluscan mud samples with the lowest diversity,
invertebrate-defined habitat types are not well-differentiated by foraminiferal diversity.

Wall Types
Foraminiferal wall types were used to assess differences in salinity among samples
and trenches across the reef, and to compare to the invertebrate-defined habitats. Apart
from A. cervicornis sample SB5-03 that is ~60% porcellaneous, most samples are
dominated by hyaline species or have a near-even mix between the hyaline and
porcellaneous wall types. Molluscan mud samples SB3-02 and SB3-03 contain the
greatest proportion of hyaline taxa, with 100% and 94.5%, respectively; however,
molluscan mud samples SB3-04 and SB3-06 only 55-65% hyaline taxa. Samples SB6-06,
SB6-09 and SB6-04 from Trench 6, which contain all invertebrate-defined seagrass
samples and one mixed coral sample, also contain 80-84% hyaline species. Otherwise,
there is no apparent correspondence between invertebrate-associated habitats and
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foraminiferal wall type. It should be noted that none of the samples contain agglutinated
specimens.

Sediment Analyses
Sediments contain varying proportions of coral rubble, articulated and disarticulated
mollusks, echinoid spines, sponge spicules and calcareous algae, primarily Halimeda sp.
The poorly sorted grains for all samples (Table 2) primarily fall within the mediumcoarse sand class (Wentworth, 1922), in agreement with shallower-water BDT samples of
Havach and Collins (1997). Two of the four molluscan mud samples (SB3-02 and SB303) returned the lowest inorganic carbon (TIC) contents (Table 2), 7.5 and 29.9 %,
respectively, whereas all other samples ranged from 61.6–89.9 %. These two samples
also returned the highest TOC values (3.3% and 2.9%, respectively). Principle
components analysis of the carbon contents of all 18 samples did not correlate
significantly with the field-defined macrofossil biofacies. Principle Component 1,
explaining 57.2% of the variance, contrasts total inorganic carbon and medium-coarse
sediments with total organic carbon and pebble grain size. Principle Component 2
explains ~27.8% of the variance and contrasts fine versus pebble grain sizes (Fig. 6).
Samples of the invertebrate seagrass association and coral samples primarily correspond
to high TIC and coarse grains, though two molluscan mud samples, SB3-04 and SB3-06,
are also associated with these physical parameters, and one Porites-Agaricia sample
(SB8-02) with coarse sediments is associated with slightly higher TOC.
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Discussion
Benthic Foraminiferal and Macrofossil Distributions
There is no apparent relationship between the geographic location of the trenches and
the foraminiferal assemblages, i.e., more proximal trenches do not have more similar
assemblages and there is no horizontal transition in foraminiferal habitat across trenches.
Though not always the case, samples from the same trench tend to be more similar to one
another, supporting the variance in sample depositional depths. We observed a ~3–4-m
vertical exposure at the edge of the excavated site that showed a stratigraphic transition
from Porites coral to mangrove peat, suggesting that either regional tectonic uplift
occurred during global sea-level rise, and/or mangrove sediments prograded locally over
the reef. Tectonic activity causing differential vertical movement in the region has been
well documented and varies considerably. For example, radiocarbon estimates from an
extensive peat deposit in nearby Changuinola suggest over 4,000 years of punctuated
subsidence at a net rate of ~2.2–2.6 mm/yr (Phillips and Bustin, 1996), whereas
Pleistocene coral reefs of nearby Costa Rica continue to experience slow to rapid tectonic
uplift (Román, 2016).
Below, we compare the benthic foraminiferal assemblages to the paleohabitats
interpreted from field observations of the invertebrate macrofauna. The three main types
of invertebrate-associated habitats are interpreted and grouped as the facies coral reef,
seagrass, and molluscan-mud.
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Coral Reef Facies
Within this reefal facies, consisting of coral reef-associated samples dominated by A.
cervicornis, Porites-Agaricia, and mixed coral, 37 foraminiferal taxa had a relative
abundance >2%, and 15 of them were abundant at >5% with a mixed dominance between
hyaline and porcellaneous wall types. Across the ten reefal samples, Biloculina eburnea,
Quinqueloculina bosciana, Cornuspira planorbis, Spirillina vivipara and Haynesina
depressula were the most abundant. Quinqueloculina bosciana has been found in both
patch reefs and Thalassia sediments in the Florida Keys (Steinker, P. J. and Steinker,
1976) and was considered a bay taxon by Bock (1971). Cornuspira planorbis has been
found in modern bays in low frequencies but appears to be restricted to the finest grained
sediment (Bock, 1971) which is in agreement with laboratory observations of Gudnitz
(2021), modern data). Spirillina vivipara has been found in habitats with normal marine
salinity, attached to hard substrates and within sediments off the Texas Gulf of Mexico
coast. Though in low frequency, it is also common in seagrass, while B. eburnea is more
common on seagrass blades and not in the sediments (Bock, 1967; Brasier, 1975b; Poag
and Tresslar, 1981; Collins et al., 2019). Haynesina depressula has also been found in
marginal-normal marine salinities in the Dominican Republic (McLaughlin and Sen
Gupta, 1991) and in Ammonia tepida-associated, calcareous sands in lower salinity
regions (<20 psu) of Florida Bay (Cheng et al., 2012).
It is clear that reefal foraminiferal assemblages were the most diverse of the three
primary habitats. Acropora cervicornis and mixed coral samples had comparable, highest
diversities (mean α = 13.5 and 13.0, respectively), followed by comparable, high
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diversities of Porites-Agaricia and invertebrate-defined seagrass habitats (mean α = 10.4
and 11.0, respectively). In comparison, two molluscan mud samples have a similar
average alpha value of 11.5, which may be explained by having been collected close to a
Porites-Agaricia facies.

Seagrass Facies
Of the four invertebrate-defined seagrass samples, 23 foraminiferal taxa have a
relative abundance >2% with no clear dominance of species. However, taxa known to be
temporary grazers and living temporarily attached to seagrass blades are present in
relatively greater amounts in these samples compared to reefal and molluscan mud
associated samples, supporting the invertebrate interpretation of seagrass. Ammonia
parkinsoniana, B. eburnea, Nonionella atlantica, Articulina mucronata, Miliolinella spp.,
Rosalina concinna, Quinqueloculina agglutinans, and Cymbaloporetta atlantica
dominate with >5% abundance. Articulina mucronata has been found living at 0.3–6.2 m
in shallow mud flats in central Florida Bay (Bock, 1971), and found in other areas of
South Florida (Bush, 1958; Brewster-Wingard et al., 1996; Ishman, 1997). Ishman (1997)
thought A. mucronata might indicate greater and more regular influx of Atlantic water
into this bay. Quinqueloculina agglutinans has been found in areas with the coarsest
sediment and absent from brackish water (Bock, 1971). Off the Palm Beach coast in
Florida, Q. agglutinans commonly co-occurs with Archaias angulatus and Peneroplis
proteus; however, these species are rare and nearly completely absent in the sediments in
Bocas del Toro, though A. angulatus is found to represent >30% of living species
represented in seagrass sediments (Steinker, and Steinker, 1976). We suggest that A.
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angulatus is absent because the local water quality did not support its existence, as it is
extremely sensitive to the hypoxia (Hallock and Peebles, 1993; Carnahan et al., 2009)
common in modern Almirante Bay (Altieri et al., 2017). Though the invertebrate-defined
seagrass samples have very similar grain sizes and carbon values to those of reefal
samples, their diversity is more similar to Porites-Agaricia sediment samples, possibly an
indication of required environmental parameters such as water clarity.
The abundance of porcellaneous genera such as Quinqueloculina, Biloculina, and
Miliolina is indicative of normal marine salinities. Compared to the other invertebratedefined seagrass-associated samples, SB6-03 and SB6-04 lack the greater abundance of
attaching taxa such as Rosalina; however, the presence of Peneroplis, though in very
small proportions (<1%), may reflect a seagrass-associated habitat. Quinqueloculina
agglutinans and Textularia agglutinans are most represented in the invertebrate-defined
seagrass-associated samples and may be indicative of coarser grain sizes (Bock, 1971),
agreeing with the large proportions of medium-coarse sediment grain size data in this
study. SB5-03 was sampled from an Acropora cervicornis-associated horizon which has
a different assemblage but also contains large-sized Q. agglutinans.
Although all four invertebrate-defined seagrass samples do not fall within the same
cluster, the foraminiferal assemblages of these Lobatus/seagrass samples are more closely
related to other seagrass- and Porites-associated samples instead of A. cervicornis and
mud samples. Two of the four Porites-associated samples and both mixed coral samples,
which contain abundant Porites, cluster with the seagrass-associated samples. While the
remaining Porites-associated samples, both from Trench 8, group with A. cervicornisassociated samples in Cluster 3.

89

Mollusk-dominated Mud Facies
The four molluscan mud-associated samples have the lowest foraminiferal diversity,
with only 20 taxa having a relative abundance >2%. Of these taxa, Ammonia
parkinsoniana, Elphidium gunteri, Cymbaloporetta atlantica, Elphidium poeyanum and
Biloculina eburnea are the most dominant. Ammonia parkinsoniana, which indicates
nearshore and lower salinity conditions (Murray, 2006), is typical of depths from 1–2 m
(Bock, 1971) and has been found to constitute 10–20% of the relative abundance of
lagoonal assemblages in backreef environments (Brasier, 1975a). Ammonia
parkinsoniana, along with E. discoidale and E. poeyanum, are considered to be infaunal
(Bandy, 1964; Frenkel, 1974; Murray, 1991; Langer, 1993). In Florida Bay, A.
parkinsoniana has been found in excess of 20% when average annual salinities are 18 ppt
or less, and proportions decrease with increasing salinities (Ishman, 2000). Elphidium
poeyanum has been associated with areas well-vegetated by algae such as Halimeda
(Brasier, 1975a; Klosowska et al., 2002). Cornuspira planorbis occurs at low frequencies
in areas of Florida Bay with the finest-grained sediment (Bock, 1971).
Though there are several taxa with high relative abundances, there is a clear
dominance of Ammonia (~67%) and Elphidium spp. (~48%) within the samples
representing the molluscan mud habitat. The average Fisher’s alpha value of 7.8 for the
molluscan mud samples is somewhat misleading, as half (two) of these samples reflect
diversity values and foraminiferal assemblages (with no dominance of A. parkinsoniana)
more similar to reefal samples. These samples may be viewed as representing a
transitional habitat, as they were collected from a mollusk-dominant horizon within a
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stratigraphic transition to a Porites-Agaricia-dominant horizon. When viewing the two
molluscan mud samples that are more characteristic of lower salinity, higher organic
carbon content, the average alpha value is 4.2, attributed to the dominance of Ammonia
and Elphidium. These values agree with the fact that the non-molluscan mud sediments
largely contain coral rubble and the primary, montane source of the siliciclastics is near
Almirante Bay.
In general, most samples have a near-even split between hyaline and porcellaneous
wall types, reflecting normal-marine salinity (Murray, 2006); however, molluscan mudand Porites-Agaricia-associated samples from trenches 3 and 7, respectively, correspond
to lower salinity conditions evidenced by the dominance of Ammonia and Elphidium.
Trench 3 also shows a transition from brackish to normal marine salinities, as molluscan
mud samples SB3-02 and SB3-03 are also dominated by Ammonia and Elphidium types
and the sequence of facies succession transitions from a mollusk-dominant horizon to a
Porites-Agaricia facies.

Identifying Foraminiferal Habitat Indicators
Species that are present in a specific habitat in a greater relative abundance or in total
numbers compared to other habitats can be useful in distinguishing habitats in modern
and fossil environments. In this study, the invertebrate-defined molluscan mud, seagrass,
and coral samples were generally grouped by their foraminiferal assemblage
compositions as molluscan mud versus a combination of seagrass-coral samples. The
molluscan mud samples are easily distinguished by abundances of >50% of the lowsalinity-tolerant Ammonia parkinsoniana and Elphidium spp. Many of the species present

91

in coral-associated samples (A. cervicornis, Porites-Agaricia and mixed coral) were also
present in similar abundances in the seagrass samples. However, the foraminiferal
diversity of coral samples was greater and the relative abundance of the most abundant,
shared species Articulina mucronata (~7% vs. < 1%), Quinqueloculina agglutinans
(7.2% vs 5.7%), Q. lamarckiana (6.9% vs. 3.7%), and Rosalina subaraucana (9.9% vs.
8.5%) were greater in seagrass vs. coral; therefore, proportions of these taxa that are >5%
may be useful in identifying seagrass-associated habitats in the fossil record.
Special consideration as useful indicators of paleoseagrass habitats might be given to
Cymbaloporetta atlantica and Rosalina concinna, epiphytic species commonly associated
with seagrasses. The sessile Cymbaloporetta, along with planorbulinids, attach to
seagrass blades <1 m deep and floating algae and debris in fringing and barrier reefs
(Brasier, 1975a; Steinker, D. and Rayner, 1981). However, prior to gametogenesis they
develop fragile, terminal, gas-filled float chambers enabling their detachment into surface
waters to release their gametes (Banner et al., 1985). After this brief planktic stage, tests
may be transported away from the original seagrasses, although their tests with float
chambers intact are rarely found in the sediment. In modern BDT, patch reefs are the
dominant reef type; based on the distribution of foraminiferal species across the reef and
within the invertebrate-characterized habitats that are in very close proximity to one
another within the reef, we suggest that this mid-Holocene reef was also a patch reef in
waters somewhat restricted from the open ocean by Isla Colón and other islands to the
southeast (Fig. 1).
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Conclusions
Sediment samples from a mid-Holocene, coral-dominated reef on Isla Colón in Bocas
del Toro, Panama, were analyzed for foraminifera, grain size and carbon content to
determine their correspondence to reef-associated habitats, and for comparison to
invertebrate-defined habitats. The poorly sorted, medium- to coarse-grained sediments
contain varying proportions of coral rubble, articulated and disarticulated mollusks,
echinoid spines, sponge spicules and calcareous algae. Sediments are dominated by total
inorganic carbon (TIC), with the exception of two molluscan mud samples with very low
amounts of TIC and the greatest amount of total organic carbon (TOC). With the
exception of the two aforementioned high-TOC samples, principal components analysis
does not clearly associate the foraminiferal or invertebrate-defined habitat type with grain
size or carbon.
Reefal sediment samples (dominated by reef coral fragments) were classified into
three habitats (A. cervicornis, Porites-Agaricia, and mixed coral) that were not
distinguished by benthic foraminiferal assemblages, suggesting that the proximal reefal
types grew under similar physical conditions and/or there was some mixing of fragments
after death. In addition, with the exception of two molluscan mud samples, the benthic
foraminiferal assemblages do not distinguish all reefal samples from molluscan mud and
seagrass samples, though seagrass samples tend to be more similar to one another than to
other habitat types. Nonetheless, foraminiferal taxonomic similarities between seagrass
and Porites-dominant samples that include greater proportions of environmentalvariability tolerant and seagrass-associated taxa, as was observed in the mixed coral
samples, infer that reefs with mixed coral taxa were more similar to or influenced by
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seagrass habitats. Reefal and seagrass-habitat species were apparently very similar, yet
minor differences in assemblage compositions or proportions of shared species help to
distinguish the two habitats.
The dominance of Ammonia parkinsoniana, a species indicative of nearshore, lower
marine salinities, was the key taxon that differentiated muddy molluscan habitats from
others, whereas factors such as sediment grain size, TOC and TIC did not show a
significant correlation (with the exception of the two samples with high TOC), as most
samples are medium- to coarse-grained with high TIC.
Ongoing research compares the results of this study to those from a modern BDT
foraminiferal study to investigate whether the modern habitats of Bocas del Toro are
significantly different from mid-Holocene pristine reefs such as this. Obtaining these
baseline foraminiferal and sedimentological data is critical to understanding how
Caribbean shallow-water habitats have changed over geologic time in response to human
and natural perturbations.

Acknowledgments
We thank the Smithsonian Tropical Research Institute (STRI) in Panama City,
Panama, for assisting with logistics in sample collecting in the field and from the
repository. Gabriel Jacome, Urania Gonzalez and Plinio Góndola, STRI Bocas Research
Station, were tremendously helpful. F. Rodriguez and B. de Gracia aided in the original
invertebrate sampling. Access to the fossil site was facilitated by A. Belanger and A.
Villarreal. We also thank Marguerite Toscano, Smithsonian Institution, for generously
providing essential radiocarbon ages and interpretations. We are grateful for the

94

following awards to MNG from the Cushman Foundation for Foraminiferal Research:
Buzas Award for Travel to the Cushman Collection of Foraminifera, Joseph A. Cushman
Award for Student Travel, and the Johanna M. Resig Foraminiferal Research Fellowship.

Funding
M. Gudnitz was supported by the Florida Educational Fund’s McKnight Doctoral
Fellowship, the Florida International University Graduate School, Tinker Field Research
Grant, and the Cushman Foundation for Foraminiferal Research. AO was supported by
NSF (EAR – 1325683), LSC, and the Sistema Nacional de Investigadores (SENACYT).

References
Altieri, A.H., Harrison, S.B., Seemann, J., Collin, R., Diaz, R.J., and Knowlton, N., 2017,
Tropical dead zones and mass mortalities on coral reefs: Proceedings of the National
Academy of Sciences of the United States of America, v. 114, no. 14, p. 3660–3665.
Bandy, O.L., 1964, Foraminiferal biofacies in sediments of Gulf of Batabano, Cuba, and
their geologic significance: AAPG Bulletin, v. 48, no. 10, p. 1666–1679.
Banner, F.T., Pereira, C.P., and Desai, D., 1985, " Tretomphaloid" float chambers in the
Discorbidae and Cymbaloporidae: The Journal of Foraminiferal Research, v. 15, no.
3, p. 159–174.

95

Berry, K.L., Seemann, J., Dellwig, O., Struck, U., Wild, C., and Leinfelder, R.R., 2013,
Sources and spatial distribution of heavy metals in scleractinian coral tissues and
sediments from the Bocas del Toro Archipelago, Panama: Environmental monitoring
and assessment, v. 185, no. 11, p. 9089–9099.
Bock, W.D., 1971, A handbook of the benthonic foraminifera of Florida Bay and
adjacent waters: Miami Geological Society, Memoir, v. 1, p. 1–92.
Bock, W.D., 1967: Monthly variation in the foraminiferal biofacies on Thalassia and
sediment in the Big Pine Key area, Florida (Doctoral dissertation). University of
Miami, Miami, Florida.
Boltovskoy, E., and Wright, R., 1976, Recent Foraminifera. Dr. W: Junk, Hague, p. 575.
Brasier, M., 1975a, The ecology and distribution of recent foraminifera from the reefs
and shoals around Barbuda, West Indies: The Journal of Foraminiferal Research, v.
5, no. 3, p. 193–210.
Brasier, M., 1975b, Ecology of Recent sediment-dwelling and phytal foraminifera from
the lagoons of Barbuda, West Indies: The Journal of Foraminiferal Research, v. 5,
no. 1, p. 42–61.
Brewster-Wingard, G., Ishman, S., Edwards, L., and Willard, D., 1996, Preliminary
report on the distribution of modern fauna and flora at selected sites in north-central
and north-eastern Florida Bay: US Geological Survey Open-File Report, p. 96–732.
Budd, A.F., and Johnson, K.G., 2010, Origination preceding extinction during late
Cenozoic turnover of Caribbean reefs.
Bush, J., 1958: The foraminifera and sediments of Biscayne Bay, Florida, and their
ecology.

96

Buzas, M.A., 1990, Another look at confidence limits for species proportions: Journal of
Paleontology, v. 64, no. 5, p. 842–843.
Carnahan, E.A., Hoare, A.M., Hallock, P., Lidz, B.H., and Reich, C.D., 2009,
Foraminiferal assemblages in Biscayne Bay, Florida, USA: Responses to urban and
agricultural influence in a subtropical estuary: Marine pollution bulletin, v. 59, no.
8–12, p. 221–233.
Cebulski, D.E., 1969, Foraminiferal populations and faunas in barrier-reef tract and
lagoon, British Honduras.
Cheng, J., Collins, L.S., and Holmes, C., 2012, Four thousand years of habitat change in
Florida Bay, as indicated by benthic foraminifera: The Journal of Foraminiferal
Research, v. 42, no. 1, p. 3–17.
Collin, R., D’Croz, L., Gondola, P., and Del Rosario, J.B., 2009, Climate and
hydrological factors affecting variation in chlorophyll concentration and water
clarity in the Bahia Almirante, Panama, in Proceedings of the Smithsonian Marine
Science Symposium, p. 323–334.
Collins, L.S., Cheng, J., Hayek, L.C., Fourqurean, J.W., and Buzas, M.A., 2019,
Historical seagrass abundance of Florida Bay, USA, based on a foraminiferal proxy:
Journal of Paleolimnology, v. 62, no. 1, p. 15–29.
Collins, L.S., Coates, A.G., Jackson, J.B., and Obando, J.A., 1995, Timing and rates of
emergence of the Limon and Bocas del Toro Basins: Caribbean effects of Cocos
Ridge subduction?: Geological Society of America Special Papers, v. 295, p. 263–
290.
Cramer, K.L., O'Dea, A., Leonard‐Pingel, J.S., and Norris, R.D., 2020, Millennial‐scale
change in the structure of a Caribbean reef ecosystem and the role of human and
natural disturbance: Ecography, v. 43, no. 2, p. 283–293.
Debenay, J., and Fernandez, J., 2009, Benthic foraminifera records of complex
anthropogenic environmental changes combined with geochemical data in a tropical
bay of New Caledonia (SW Pacific): Marine pollution bulletin, v. 59, no. 8–12, p.
311–322.
Fajemila, O.T., Langer, M.R., and Lipps, J.H., 2015, Spatial patterns in the distribution,
diversity and abundance of benthic foraminifera around Moorea (Society
Archipelago, French Polynesia): PloS one, v. 10, no. 12, p. e0145752.
Fredston-Hermann, A.L., O'Dea, A., Rodriguez, F., Thompson, W.G., and Todd, J.A.,
2013, Marked ecological shifts in seagrass and reef molluscan communities since the

97

mid-Holocene in the southwestern Caribbean: Bulletin of Marine Science, v. 89, no.
4, p. 983–1002.
Frenkel, H., 1974, Observations on some shallow benthonic foraminifera in the Gulf of
Elat, Israel: Israel Journal of Earth Sciences, v. 23, p. 63–67.
Gardner, T.A., Côté, I.M., Gill, J.A., Grant, A., and Watkinson, A.R., 2003, Long-term
region-wide declines in Caribbean corals: Science (New York, N.Y.), v. 301, no.
5635, p. 958.
Gudnitz, M.N., 2021, Comparison of Modern and Mid-Holocene Benthic Foraminifera to
Assess Recent Environmental Changes in Almirante Bay, Bocas del Toro, Caribbean
Panama. (Doctoral dissertation). Florida International University, Miami, Florida,
USA.
Hallock, P., and Peebles, M.W., 1993, Foraminifera with chlorophyte endosymbionts:
habitats of six species in the Florida Keys: Marine Micropaleontology, v. 20, no. 3–
4, p. 277–292.
Hammer, Ø., Harper, D.A., and Ryan, P.D., 2001, PAST: paleontological statistics
software package for education and data analysis: Palaeontologia Electronica, v. 4,
no. 1, p. 9.
Havach, S.M., and Collins, L.S., 1997, The distribution of Recent benthic Foraminifera
across habitats of Bocas del Toro, Caribbean Panama: The Journal of Foraminiferal
Research, v. 27, no. 3, p. 232–249.
Ishman, S.E., 2000, Benthic Foraminiferal Distributions in South Florida. in
Environmental Micropaleontology, Springer, p.371–383.
Ishman, S.E., 1997: Ecosystem history of South Florida; Biscayne Bay sediment core
descriptions.
Jackson, J., Donovan, M., Cramer, K., and Debrot, A., 2014, Part I: Overview and
synthesis for the wider Caribbean region. in Status and trends of Caribbean coral
reefs: 1970–2012, Global Coral Reef Monitoring Network, p.55–154.
Klosowska, B.B., van Hinte, J.E., Troelstra, S.R., and Laban, C., 2002, Microfacies of
Spaanse Water Bay, Curaçao (Netherlands Antilles), with special reference to
benthic foraminifera: Journal of Coastal Research, p. 316–328.
Lambeck, K., Rouby, H., Purcell, A., Sun, Y., and Sambridge, M., 2014, Sea level and
global ice volumes from the Last Glacial Maximum to the Holocene: Proceedings of
the National Academy of Sciences of the United States of America, v. 111, no. 43, p.
15296–15303.

98

Langer, M.R., 1993, Epiphytic foraminifera: Marine Micropaleontology, v. 20, no. 3–4,
p. 235–265.
Lessios, H., 1988, Mass mortality of Diadema antillarum in the Caribbean: what have we
learned?: Annual Review of Ecology and Systematics, p. 371–393.
Linares, O.F., 1977, Adaptive strategies in western Panama: World Archaeology, v. 8,
no. 3, p. 304–319.
Linares, O.F., and Ranere, A.J., 1980, Adaptive radiations in prehistoric Panama.
Peabody Museum of Archaeology and Ethnology, Harvard University.
McLaughlin Jr, P.P., and Sen Gupta, B.K., 1991, Migration of Neogene marine
environments, southwestern Dominican Republic: Geology, v. 19, no. 3, p. 222–225.
Mumby, P.J., Hastings, A., and Edwards, H.J., 2007, Thresholds and the resilience of
Caribbean coral reefs: Nature, v. 450, no. 7166, p. 98–101.
Mumby, P.J., and Steneck, R.S., 2008, Coral reef management and conservation in light
of rapidly evolving ecological paradigms: Trends in ecology & evolution, v. 23, no.
10, p. 555–563.
Murray, J.W., 2006, Ecology and Applications of Benthic Foraminifera, Cambridge
University Press, Cambridge, UK.
Murray, J.W., 1991, Ecology and Palaeoecology of Benthic Foraminifera: Longman
Scientific and Technical: Harlow, Essex, UK.
O’Dea, A., Lepore, M., Altieri, A.H., et al., 2020, Defining variation in pre-human
ecosystems can guide conservation: An example from a Caribbean coral reef:
Scientific Reports, v. 10, no. 1, p. 1–10.
Phillips, S., and Bustin, R.M., 1996, Sedimentology of the Changuinola peat deposit:
organic and clastic sedimentary response to punctuated coastal subsidence:
Geological Society of America Bulletin, v. 108, no. 7, p. 794–814.
Poag, C.W., 1981, Ecologic atlas of benthic foraminifera of the Gulf of Mexico.
Poag, C.W., and Tresslar, R.C., 1981, Living foraminifers of West Flower Garden Bank,
northernmost coral reef in the Gulf of Mexico: Micropaleontology, v. 27, no. 1, p.
31–62.
Ray, M., and Stoner, A.W., 1995, Growth, survivorship, and habitat choice in a newly
settled seagrass gastropod, Strombus gigas: Marine Ecology Progress Series, v. 123,
p. 83–94.

99

Reimer, P.J., Bard, E., Bayliss, A., et al., 2013, IntCal13 and Marine13 radiocarbon age
calibration curves 0–50,000 years cal BP: Radiocarbon, v. 55, no. 4, p. 1869–1887.
Román, A.Q., 2016, Impactos geomorfológicos del Terremoto de Limón (1991; ms= 7.5)
y consideraciones para la prevención de riesgos asociados en Costa Rica: Revista
Geográfica de América Central, v. 1, no. 56, p. 93–111.
Schweizer, D., and Posada, J.M., 2006, Distribution, density, and abundance of the queen
conch, Strombus gigas, in Los Roques Archipelago National Park, Venezuela:
Bulletin of Marine Science, v. 79, no. 2, p. 243–257.
Seemann, J., González, C.T., Carballo-Bolaños, R., Berry, K., Heiss, G.A., Struck, U.,
and Leinfelder, R.R., 2014, Assessing the ecological effects of human impacts on
coral reefs in Bocas del Toro, Panama: Environmental monitoring and assessment, v.
186, no. 3, p. 1747–1763.
Seiglie, G., 1971, A preliminary note on the relationships between foraminifers and
pollution in two Puerto Rican bays: Caribbean Journal of Science, v. 11, no. 1, p.
93–98.
Steinker, D.C., and Rayner, A., 1981, Some habitats of nearshore foraminifera, St: Croix,
US Virgin Islands.The Compass, v. 59, p. 15–26.
Steinker, P.J., and Steinker, D.C., 1976, Shallow-water foraminifera, Jewfish Cay,
Bahamas. In First International Symposium on Benthonic Foraminifera of
Continental Margins, Part A: Ecology and Biology, edited by C. T. Schafer and B.
R. Pelletier: Marine Sediments Special Publication, No. 1, p. 171–180.
Stephenson, C.M., 2011, Foraminiferal Assemblages on Sediment and Reef Rubble at
Conch Reef, Florida USA (Unpublished master’s thesis). University of South
Florida, St. Petersburg, Florida.
Stoner, A.W., 1997, The status of queen conch, Strombus gigas, research in the
Caribbean: Marine Fisheries Review, v. 59, no. 3, p. 14–33.
Stoner, A., Pitts, P., and Armstrong, R., 1996, Interaction of physical and biological
factors in the large-scale distribution of juvenile queen conch in seagrass meadows:
Bulletin of Marine Science, v. 58, no. 1, p. 217–233.
Stuiver, M., and Reimer, P.J., 1993, Extended 14 C data base and revised CALIB 3.0 14
C age calibration program: Radiocarbon, v. 35, no. 1, p. 215–230.
Stuiver, M., Reimer, P.J., and Reimer, R., 2005: CALIB manual.

100

Wentworth, C.K., 1922, A scale of grade and class terms for clastic sediments: The
Journal of geology, v. 30, no. 5, p. 377–392.
Wright, R.C., 1964: Foraminiferal ecology in a back-reef environment, Molasses Reef,
Florida.

101

Figures

Figure 1. Map of Bocas del Toro archipelago with the mid-Holocene reef and two
archeological sites, Cerro Brujo and Sitio Drago.
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Figure 2. Aerial view of mid-Holocene reef excavation site with numbered trenches.
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Figure 3. Stratigraphic layout of trenches of Fig. 2 (from west to east) in mid-Holocene
reef with sample elevations.
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Figure 4. Photos of macroinvertebrate facies. A) Acropora reef rubble, B) Acropora
palmata fragment, C) A. cervicornis fragment, D) molluscan mud facies.

105

Figure 5. Hierarchical cluster analysis (Ward’s algorithm, Euclidean distances) of relative
abundances of benthic foraminifera per sample. Dominant invertebrates: Ac = A.
cervicornis, mc = mixed coral, P-A = Porites-Agaricia; mm = molluscan mud, Lob =
Lobatus-dominated, seagrass association.
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Figure 6. Principle components analysis comparing sample grain size classes to TIC and
TOC values. PC1 explains 57.2% of the variance and is primarily weighted by TOC, and
coarse and pebble-sized sediments are contrasted with positive values for TIC, muds, and
fine sediments. PC2 explains 27.8% of the variance and is primarily weighted by TIC and
fine sediments contrasted with positive values for TOC, muds, coarse sediments, and
pebbles.
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Tables
Table 1. Samples listed according to invertebrate-associated habitat, trench number,
elevation, Fisher’s alpha value and percent wall type, where H = hyaline and P =
porcellaneous. *Agglutinated foraminifera were equal to 0% for all samples.
Sample ID = “SB” shortened form for the “Sweet Bocas: name given to the reef
and first author’s numbers; STRI ID = sample number of Smithsonian Tropical
Research Institute.
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Table 2. Grain size and carbon data for all samples. Grain size weights data for 10 g of
sediment per sample. TC = total carbon, TIC = total inorganic carbon, TOC = total
organic carbon.

Mud
Sample
SB1-01
SB2-11
SB2-12
SB3-02
SB3-03
SB3-04
SB3-06
SB4-01
SB5-03
SB6-03
SB6-04
SB6-06
SB6-07
SB6-09
SB7-01
SB7-02
SB8-01
SB8-02

< 63
µm
0.03
0.02
0.02
0.02
0.02
0.01
0.01
0.05
0.03
0.06
0.10
0.06
0.01
0.00
0.04
0.04
0.12
0.02

Fine Sand
63– 125–
124 249
µm µm
0.05 0.13
0.05 0.16
0.03 0.27
0.08 0.14
0.06 0.14
0.02 0.25
0.02 0.23
0.07 0.21
0.05 0.20
0.13 0.17
0.11 0.15
0.08 0.14
0.03 0.22
0.01 0.18
0.05 0.20
0.09 0.23
0.11 0.18
0.03 0.21

Medium-Coarse
Sand
250– 500– 1000–
499 999 1999
µm
µm
µm
0.27 0.28 0.12
0.21 0.18 0.12
0.28 0.21 0.10
0.17 0.18 0.17
0.13 0.19 0.18
0.17 0.17 0.14
0.23 0.20 0.14
0.28 0.19 0.10
0.25 0.22 0.13
0.18 0.19 0.12
0.22 0.22 0.11
0.14 0.19 0.14
0.21 0.22 0.15
0.31 0.19 0.14
0.18 0.16 0.11
0.19 0.17 0.11
0.15 0.12 0.14
0.24 0.14 0.16
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Pebble
1999
µm <
0.13
0.26
0.09
0.25
0.29
0.26
0.18
0.05
0.12
0.15
0.09
0.25
0.16
0.18
0.26
0.16
0.18
0.25

Carbon
TC
93.52
99.51
94.59
34.69
53.86
92.64
95.17
93.98
97.37
94.25
79.21
76.61
82.77
90.92
96.71
99.16
97.57
98.92

TIC
80.03
89.92
86.35
7.53
29.85
76.97
85.88
83.24
88.48
88.76
67.61
61.63
68.55
78.98
85.64
85.82
81.44
77.38

TOC
1.62
1.15
0.99
3.26
2.88
1.88
1.12
1.29
1.07
0.66
1.39
1.80
1.71
1.43
1.33
1.60
1.94
2.59

Table 3. Relative abundance (%) of foraminiferal species per sample.
SB1-01 SB2-11 SB2-12 SB3-02 SB3-03 SB3-04 SB3-06 SB4-01 SB5-03 SB6-03 SB6-04 SB6-06 SB6-07 SB6-09 SB7-01 SB7-02 SB8-01 SB8-02
Species
5.58
1.18
2.55 10.30
3.27
2.33
6.40
0.91
4.19
0.97
Ammonia parkinsoniana (d'Orbigny, 1839)
3.21
33.22 33.98
Ammonia tepida Cushman, 1926
0.61
0.32
0.27
Amphistegina gibbosa d'Orbigny, 1839
0.19
0.20
Archaias angulatus Fichtel & Moll, 1798
0.52
0.65
2.96
0.32
0.55
Articulina mexicana Cushman, 1922
2.26
Articulina mucronata d'Orbigny, 1839
0.83
4.73
0.36
Articulina sulcata Reuss, 1850
3.04
5.59
7.44
2.59
8.88
3.85
3.43
8.95
4.62
3.21
8.09
2.47
Biloculina eburnea d'Orbigny, 1839
0.92
Bolivina lanceolata Parker, 1954
1.12
2.02
0.92
3.27
0.71
Bolivina lowmani Phleger & Parker, 1951
Bolivina sp. 1 d'Orbigny, 1839
3.09
3.51
Bolivina sp. 2 d'Orbigny, 1839
0.19
0.32
Bolivina striatula Cushman, 1922
0.71
0.50
4.38
5.17
Bolivina subexcavata Cushman & Wickenden, 1929
1.85
1.10
5.05
2.23
Bolivina tortuosa (Brady, 1881)
1.61
0.55
3.43
0.59
0.26
0.92
Bolivina venezuelana Sellier de Civrieux, 1976
1.82
1.35
Buccella hannai Phleger & Parker, 1951
1.29
0.91
0.84
2.12
3.70
1.26
1.45
0.79
0.86
0.77
Buliminella elegantissima (d'Orbigny, 1839)
0.77
2.07
0.61
1.12
0.65
0.39
0.55
1.29
1.62
1.23
Buliminella milletti Cushman, 1933
1.20
0.62
Cancris sagra (d'Orbigny, 1839)
0.39
1.12
0.92
1.37
1.29
Cibicides floridanus Cushman, 1918
2.55
Cibicides lobatulus Walker & Jacob, 1798
Cibicides pachyderma (Rzehak, 1886)
0.82
3.88
3.51
0.92
2.49
1.01
1.22
1.12
Cibicides sp. Montfort, 1808
0.83
1.61
6.80
6.39
3.08
6.35
0.86
1.97
1.01
0.96
0.78
2.43
3.07
3.56
Cornuspira planorbis Shultze, 1854
7.14
4.52
4.71
Cymbaloporetta atlantica (Cushman, 1934)
10.54
9.85 11.60
1.96
0.61
1.40
1.01
Discorbis mira Cushman, 1922
3.70
Elphidium discoidale d'Orbigny, 1839
6.95
Elphidium gunteri Cole, 1931
22.97
0.32
2.36
2.74
1.54
9.84
2.96
2.41
4.59 11.78
Elphidium poeyanum d'Orbigny, 1839
2.12
Elphidium sagrum ? = Elphidium sagrai d'Orbigny, 1839
2.15
Elphidium sp. Monfort, 1808
1.06
2.69
Fissurina laevigata Reuss, 1850
1.54
0.39
0.55
0.43
Fissurina lucida (Williamson, 1848)
1.10
Fissurina sp. Reuss, 1850
1.62
1.04
1.52
0.84
0.59
0.75
0.58
0.71
0.64
Fursenkoina pontoni (Cushman, 1932)
0.32
0.32
2.49
1.40
Glabratella mirabilis Seiglie & Bermúdez, 1965
0.38
Hanzawaia concentrica Cushman, 1918
1.01
0.91
1.10
Hauerina fragilissima (Brady, 1884)
1.29
6.38
0.56
9.76
2.96
4.00
0.52
3.08
4.72
1.92
3.61
Haynesina depressula (Walker & Jacob, 1798)
0.36
Laevipeneroplis proteus d'Orbigny, 1839
2.88
Miliolina sp. Williamson, 1858
1.82
2.23
1.45
1.01
3.27
3.38
7.46
1.97
3.56
4.79
Miliolinella californica Rhumbler, 1936
2.20
2.41
1.23
2.21
Miliolinella fichteliana d'Orbigny, 1839
Miliolinella sp. Wiesner, 1931
1.38
5.59
0.75
Miliolinella subrotunda Montagu, 1803
4.19
1.30
1.82
0.79
0.36
0.50
1.85
4.14
0.64
2.59
Mychostomina revertens (Rhumbler, 1906)
Neoconorbina terquemi Rzehak, 1888
0.83
1.66
Neoeponides sp. Reiss, 1960
1.40
0.65
6.40
3.34
2.18
4.52
2.07
4.25
0.62
2.56
0.80
1.77
Nonionella atlantica Cushman, 1947
Nonionella auricula Heron-Allen & Earland, 1930
0.73
0.55
Nonionella sp. Cushman, 1926
0.75
2.69
0.56
1.45
Pararotalia magdalenensis Lankford, 1973
0.73
0.58
0.59
0.39
0.86
Peneroplis pertusus Forskal, 1775
2.15
Planorbulina acervalis Brady, 1884
1.30
1.82
1.58
1.01
4.62
0.64
1.23
2.15
Quinqueloculina agglutinans d'Orbigny, 1839
0.40
2.15
0.50
0.56
Quinqueloculina angulata ? Williamson, 1858
Quinqueloculina bicarinata d'Orbigny, 1826
0.43
1.40
4.29
1.38
1.45
2.01
2.07
0.67
4.56
1.65
3.28
2.15
Quinqueloculina bicornis (Walker & Jacob, 1798)
1.23
1.51
Quinqueloculina bidentata d'Orbigny, 1839
5.83
2.36
3.34
7.26
6.44
1.78
3.27
1.30
0.77
0.96
1.66
Quinqueloculina bosciana d'Orbigny, 1839
2.75
1.20
2.27
Quinqueloculina collumnosa Cushman, 1922
0.55
Quinqueloculina laevigata d'Orbigny, 1839
1.85
Quinqueloculina lamarckiana d'Orbigny, 1839
1.23
2.76
2.37
1.09
3.46
0.91
1.40
Quinqueloculina poeyana d'Orbigny, 1839
Quinqueloculina polygona d'Orbigny, 1839
0.83
0.61
Quinqueloculina seminula Linnaeus, 1758
0.62
0.86
0.75
1.22
0.65
1.60
2.77
2.76
1.10
1.20
1.29
Quinqueloculina tricarinata d'Orbigny, 1839
Rectobolivina limbata (Brady, 1881)
0.97
Reussella spinulosa (Reuss, 1850)
0.55
0.39
1.45
Rosalina candeiana d'Orbigny, 1839
Rosalina concinna (Brady, 1884)
5.09
3.87
2.74
3.91
Rosalina floridana (Cushman, 1922)
Rosalina sp. d'Orbigny, 1826
10.44
0.67
1.22
2.79
4.36
1.51
4.04
1.65
0.92
0.83
1.29
Rosalina subaraucana (Cushman, 1922)
1.45
1.35
Sagrina pulchella d'Orbigny, 1839
Siphogenerina cf. S. columellaris ? Brady, 1881
0.32
7.77
1.55
1.52
3.63
5.54
3.04
0.86
1.38
0.36
3.24
0.39
4.47
Spirillina vivipara Ehrenberg, 1843
3.57
6.02
0.55
Spiroloculina antillarum d'Orbigny, 1839
0.39
Textularia agglutinans d'Orbigny, 1839
0.55
1.15
Triloculina fiterrei Acosta, 1940
0.84
1.68
0.56
Triloculina oblonga Montagu, 1803
Triloculina trigonula Lamarck, 1804
3.43
Tubinella funalis Brady, 1884
2.21
358
309
362
233
507
275
398
520
386
297
328
No. specimens per sample
364
249
309
283
518
313
325
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CHAPTER 4. ASSESSING CHANGES IN COASTAL HABITATS OF CARIBBEAN
PANAMA WITH MODERN AND MID-HOLOCENE FORAMINIFERA*
Abstract
Benthic foraminifera served as an environmental proxy to compare modern, marine
coastal habitats of Bocas del Toro, Panama, to a mid-Holocene coral-dominated reef to
investigate changes reflective of a decline in water quality. Previous studies show human
settlement at ~AD 690, significant land clearing in the late 1880s, and changes in water
quality in recent decades. This study combines benthic foraminiferal data from 17
modern mangrove, seagrass, and coral reef habitats and 18 sediment samples of ~6000year-old, coral-reef-associated facies.
The mid-Holocene and modern benthic foraminiferal assemblages are significantly
different with few exceptions, indicating a shift over time. Only molluscan mud and
mangroves are similar and well differentiated from seagrass and corals. Assemblages of
both ages overlap considerably in species and within-habitat diversity, a likely result of
the patch reef setting placing habitats in close proximity to one another. Modern
mangrove habitats and mid-Holocene molluscan mud facies are the least diverse, and
seagrass and reef diversity from both data sets are near even. We suggest three general
explanations, as follows. 1) The shift in assemblages over time is more pronounced than
differences ascribed to land use change and pollution. 2) Physiographic differences
influenced the age comparison — the modern samples were collected from coastal
habitats along both the mainland (with more runoff) and Isla Colón, whereas the subfossil
samples are from facies associated with a single paleoreef on Isla Colón. 3) Seagrass
meadows have become the primary habitat for sustaining biodiversity. Similarities in
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diversity and community structure suggest mid-Holocene and modern water quality is
comparable despite land-use changes and increased freshwater input, which indicates that
coastal communities have substantial resilience, despite changes in water quality, because
of the naturally variable conditions.

* In preparation for Geology

Introduction
Environmental disturbance from increasing human populations, and declines in coral
reef health from decreasing water quality, have harmed marine ecosystems over time,
altering coastal marine communities (Lotze et al., 2006; Halpern et al., 2008). In Bocas
del Toro, Caribbean Panama (BDT, Fig. 1), increased runoff and changes in coral cover
suggest that regional water quality has been degrading since at least 1970 (Aronson et al.,
2014; Seemann et al., 2014). Our study develops and uses the diversity, community
structure and indicator species of benthic foraminifera as environmental proxies to
address whether coastal marine habitats in BDT are more degraded than those of 6,000
years ago.
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In general, the tropical coastal habitats most affected by changes in water quality are
coral reefs, mangroves, and seagrasses. In BDT, seagrass beds are found throughout
Almirante Bay (Fig. 1), mangroves grow along coastlines, and coral reefs represent ~53%
of the total reef diversity of Panama (Guzman and Guevara, 1998). Although sediments
in the Bay are dominated by coarse carbonate sands, the amounts of organic matter,
inorganic nutrients, and fine-grained siliciclastics increase closer to the mainland and the
deforested Changuinola floodplain, all of which result in a heterogeneous sedimentary
landscape. Agriculture and deforestation have likely increased runoff. The earliest human
occupation occurred in Sitio Drago (Fig. 1) by AD 690–1410 and Cerro Brujo around AD
880–1250 (Linares and Ranere, 1980), which also confirms that local sea level was
similar to today’s.
Benthic foraminifera, testate protists that are sensitive marine environmental
indicators, were used to assess possible changes in water quality. Three areas of differing
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water quality have been recognized in Almirante Bay (sectors A–C, Fig. 1; Collin et al.,
2009) based on the influence of runoff from the Changuinola floodplain and proximity to
open ocean inlets. Water quality is most degraded in Sector A and least degraded in
Sector C (Aronson et al., 2014). In recent decades, BDT water quality has seen many
changes in terrigenous organic matter inputs, water clarity and sedimentation rate
concurrent with increases in the port of Almirante’s construction and shipping traffic,
resulting in turbidity and heavy metal pollution of the bay and reduced hard coral
abundance near polluted sites (Berry et al., 2013).
This study compared modern benthic foraminiferal assemblages from 17 sediment
samples (Sider and Collins, 2015) to 18 mid-Holocene samples ~6,638–6,533 cal BP
(Gudnitz et al., 2021) to determine whether the diversity and community structure (i.e.,
species’ proportions) of mid-Holocene and modern benthic foraminiferal assemblages are
significantly different. If habitats are relatively degraded, modern foraminiferal
assemblages within mangroves, seagrasses and coral reefs would be less diverse and
display more dominance of only a few species. The proportions of the three foraminiferal
wall types, used in evaluating salinity, were counted to assess differences in salinity that
would result from increased runoff resulting from land use changes.

Methods
Bulk sediment samples were collected from facies within and around a mid-Holocene
coral reef uncovered by widescale excavation on Isla Colón (Fig. 1; Gudnitz et al., 2021).
From those samples, 18 were subsampled for foraminifera. Samples (Table 1) were
characterized by their dominant fossil invertebrates as belonging to one of five facies:
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reef coral Acropora cervicornis; mixed corals A. cervicornis, Porites/Agaricia and
Millepora; Porites/Agaricia; mollusk-dominated mud that include bivalve genera
consistent with shallow to deeper water muds and muddy sands, including Melongena,
which in particular, has been associated with mangroves in Bocas del Toro (personal field
observations); and the conch Lobatus, associated with seagrass beds (Ray and Stoner,
1995; Schweizer and Posada, 2006).
We collected modern samples of the top 2 cm of sediments of Almirante Bay (Fig. 1;
Sider and Collins, 2015) by boat and added a previously collected coral reef sediment
sample taken near the mid-Holocene reef. Samples from mangroves (7), seagrass beds
(7), and coral habitats (3) were chosen to represent the most and least degraded water
quality areas (sectors A and C, Fig. 1). Each sediment sample was prepared for
foraminiferal analysis with standard methods (Gudnitz et al., 2021) to obtain a yield of
≥300 benthic foraminifera. Specimens were comparatively identified with modern and
Neogene benthic collections (Collins, 1993; Havach and Collins, 1997; Collins et al.,
2019), the literature and type specimens.
Relative abundances of foraminifera were base-10 log-transformed to more closely
approximate a normal distribution and subjected to: cluster analysis (Ward’s hierarchical
algorithm, Euclidean distances) to measure the similarity of assemblages, analysis of
similarity (ANOSIM, Bray-Curtis index) to determine the significance of clusters, and
similarity percentage analysis (SIMPER, Euclidean distances) to identify the species
most responsible for the differences among clusters (Hammer et al., 2001). Diversity was
measured with Fisher’s α (Fisher et al., 1943). The proportion of foraminiferal wall types
(hyaline, porcellaneous, agglutinated), a well-correlated measure of salinity (Murray,
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2006), was determined for mangrove, seagrass and coral reef assemblages based on their
modern habitat or mid-Holocene invertebrate association.

Results
The cluster analysis (Fig. 2) joins the data from the 35 foraminiferal samples into the
main clusters 1 and 2. Cluster 1 joins 5 modern and 2 mid-Holocene non-reefal samples.
Cluster 2a joins 14 mid-Holocene with 1 modern sample, and 2b joins 11 modern with 2
mid-Holocene samples. While the difference among these clusters is significant (R= 0.57,
p = <0.001), clusters 1 and 2a are most dissimilar (R= 0.77). The dominance of Ammonia
parkinsoniana (72%) in Cluster 1 is largely responsible for the difference between
Cluster 1 and Cluster 2a, and this species is also dominant (62%) when compared to
Cluster 2b. The main species differentiating clusters 2a and 2b (~60% difference) are
Planorbulina acervalis (15%), A. parkinsoniana (11%), Bolivina striatula (8%),
Cymbaloporetta atlantica (8%) and Biloculina eburnea. In total, 20 species contribute
~95% of the difference among main clusters.
Foraminiferal diversity (Fisher’s α) has a large range of 3.1–20.3 with a mean of
~11.4. In general, modern seagrass samples in close proximity to reefs (such as MS07
and 37) are the most diverse. Irrespective of age, modern, muddy mangrove samples have
the lowest diversity (µ=7). However, mangrove samples near reefs, such as MS05 and
MS09, have diversities more similar to seagrass and reef samples (µ=18). The diversity
of modern coral reef habitats is highest (µ=13) though comparable to modern seagrass
habitats (µ=13) and mid-Holocene corals (µ=12), whereas mid-Holocene seagrass
habitats are a bit lower (µ=11). Diversity is very low (~4.2) in mid-Holocene mangrove
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samples with the highest organic carbon content (Gudnitz et al., 2021) and abundance of
hyaline species. Geographically, modern Isla Colón samples have the greatest mean
diversity (17) compared to mainland mangrove samples (7).
Most mid-Holocene and modern samples have similar proportions of two wall types
(Table 1), mostly ~60–80% hyaline and ~20–40% porcellaneous, although hyaline types
are a bit higher in modern (µ=79.8%) than mid-Holocene samples (µ=67.2%). The main
exception is the greater domination of hyaline taxa (mostly 85–99%) in modern
mangroves and mid-Holocene organic-carbon-rich molluscan muds. Agglutinated
specimens are absent in the mid-Holocene though present in low numbers in half of the
modern samples.

Discussion
The community structure of the modern and mid-Holocene assemblages is
significantly different (Fig. 2), showing that age, more than habitat, has the strongest
influence. Of the 35 samples, only five are grouped outside their age. Collins’ (1999)
study of Miocene–Recent benthic foraminifera from the Central American Isthmus also
showed distinct clustering by age.
Sider and Collins (2015) described the composition and relatively low diversity of
modern BDT foraminiferal assemblages. Relative abundances of species differentiate
seagrass and mangrove habitats. Mangroves along mainland Sector A are dominated by
A. parkinsoniana, a salinity-controlled, stress-tolerant species characteristic of small bays
adjacent to freshwater runoff and high evaporation at <2 m (Bock, 1971; Bock, 1976),
and tolerant of nutrient fluctuations. Mangroves also contain the stress-tolerant
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Buliminella elegantissima, Nonionella atlantica and Bolivina spp. (Sen Gupta et al.,
1996), consistent with their low energy and high organic carbon. Though not measured at
depths in this study, hypoxia has been recorded at the 5-, 10-, and 20-m depths with
lowest dissolved oxygen reading occurring along the mainland near mangroves (Lucey et
al., 2020). Sparse agglutinating taxa (Table 1), generally common in inland mangroves,
reflect the nearshore setting. Seagrass habitats are differentiated by dominant P.
acervalis, which prefers attaching to phytal substrates such as wide-bladed seagrasses
(Wright and Hay, 1971; Langer, 1993; Buchan and Lewis, 2009). Lastly, reefal habitats
share many species with seagrass assemblages though have greater proportions of
porcellaneous taxa, as is typical. Modern diversity is lower off the mainland than off Isla
Colón, a likely result of greater freshwater input from the mainland.
Eleven of the 17 modern assemblages are joined in Cluster 2b, mixing coral, seagrass,
and mangrove samples within its subclusters. Cluster 2b is differentiated by the abundant
seagrass indicator P. acervalis, a hyaline taxon found even in mangrove-influenced
seagrass beds. Cluster 2b’s greater abundance of porcellaneous forms such as
Quinqueloculina, Biloculina, and Miliolina is indicative of increased salinities, as
compared to clusters 1 and 2a, which have slightly lower salinity taxa in greater
abundance.
The mid-Holocene assemblages do not separate reefal from seagrass samples in the
cluster analysis, and seagrass samples are generally more similar to one another than to
those from reef or mangrove (Gudnitz et al., 2021). Although reef and seagrass
assemblages are very similar, with patch reefs and seagrass beds commonly adjacent to
one another, minor differences in assemblage compositions or increased proportions of
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shared environmental indicator species help distinguish the two. The dominance of A.
parkinsoniana was again the key to differentiating muddy molluscan samples and
mangroves from other habitats.
Cluster 2a assemblages, joining 14 of the 18 mid-Holocene samples, consist of coral
and seagrass groupings (upper subcluster) or coral and mangrove groupings (lower
subcluster), and most samples have abundant seagrass-associated species (Gudnitz et al.
2021). Foraminiferal assemblages have higher diversities, lower proportions of stresstolerant taxa, such as A. parkinsoniana, and higher proportions of porcellaneous
foraminiferal wall types. These ecological associations indicate a mid-Holocene normal
salinity bay, as it is today.
Overall, recent habitat degradation in Almirante Bay has not resulted in a net
foraminiferal diversity loss as compared to 6,000 years ago. Although there is substantial
variability within habitat type and age (Table 1), the mean α diversities of modern (10–
13) and mid-Holocene (11–12) assemblages are strikingly similar. Samples from modern
seagrasses, modern corals and mid-Holocene corals are virtually the same, with midHolocene seagrasses lower by only 2α. Diversities of organic-carbon-rich, mid-Holocene
molluscan muds (7.8α) and modern mangrove samples (10.α) are most different but both
are dominated by low-salinity-tolerant, nearshore A. parkinsoniana.
Preservational loss of P. acervalis and P. mediterranensis, the two fragile taxa
commonly found in modern seagrasses but absent or lower in mid-Holocene Lobatus
assemblages, help explain the slightly higher (by 2α) modern diversity. The diversity of
the modern seagrass samples (µ=13) is actually quite similar to mid-Holocene A.
cervicornis samples (µ=13.5), suggesting that either seagrass habitats have become the

119

dominant center of foraminiferal diversity or the patch reef setting of small, locally
separated reefs enables many shared species among habitats. The latter comparison also
suggests little net degradation of these coastal habitats between the mid-Holocene and
today.
Proportions of foraminiferal wall types indicate that modern habitats off the mainland
and Isla Colón are, on average, more strongly influenced by freshwater than were midHolocene facies, but both reflect low-end normal marine conditions. Typically, in warm,
carbonate-dominated environments, brackish-to-normal marine lagoons are dominated by
hyaline species, normal marine lagoons have a near-even mix of hyaline and
porcellaneous species, and hypersaline lagoons are porcellaneous-dominated (Murray,
2006). In addition, mainland mangrove samples off the deforested Changuinola
floodplain show similar species dominance, diversities, and wall-type ratios as those from
mid-Holocene organic-rich molluscan muds. Overall, foraminiferal wall types agree with
high freshwater runoff that is consistent with anthropogenic land use change and
increases in regional rainfall reported for 1926–2004 by Smithsonian Tropical Research
Institute, Hilbun (2009), and Kaufmann and Thompson (2005).

Conclusions
The diversity and community structure of foraminiferal assemblages from habitats
associated with a mid-Holocene reef on Isla Colón are significantly different from
modern coastal habitats in Almirante Bay. Most samples grouped by age, rather than by
habitat although within mangrove, seagrass, and coral reef habitats, only the molluscan
mud/mangrove habitats of both ages are similar and well-differentiated from those of
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corals and seagrasses. Assemblages from different modern and mid-Holocene habitats
overlap considerably in species and within-habitat diversity, probably due to the
proximity of embayed patch reefs to adjacent mangroves and seagrass beds. The
similarity in diversity between ages suggests that, despite land-use changes and
anthropogenic pollution, these coastal ecosystems are comparable in water quality to
those of the mid-Holocene prior to human settlement, although foraminiferal wall types
indicate overall more freshwater input today.
Today’s mainland coast with its abundant riverine input is more influenced by
freshwater discharge than the Isla Colón coast. Therefore, the overall difference between
the bay side of mid-Holocene Isla Colón and the modern, mixed mainland – Isla Colón
assemblages may in part reflect differences in physiography rather than land use or
pollution. Another possibility is that Thalassia seagrass meadows may have become the
primary biodiversity center over patch reefs, and if so, greater consideration might be
appropriate for their management and protection.
To increase the strength of the comparison of the mid-Holocene to modern habitats,
as well as anthropogenic influences, sediment cores from Almirante Bay would be useful
to track changes in foraminiferal assemblages and ecosystem trends through the past
6,000 years. This would further our understanding of shifts in diversity, species
assemblages or habitat turnover in these tropical coastal environments.
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Figures

Figure 1. Bocas del Toro archipelago with sampling stations of modern mangroves (red
points), seagrass (green points) and coral reefs (black points), and water quality sectors
A–C (Aronson, 2014). Arrows indicate direction of main currents.
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Figure 2. Cluster analysis of modern (MS, AT) and mid-Holocene (SB) foraminiferal
assemblages. Modern habitats: m = mangrove, sg = seagrass, c = coral. Mid-Holocene
facies: Ac = A. cervicornis coral, mc = mixed coral, P-A = Porites-Agaricia corals, mm =
molluscan mud, Lob = Lobatus-dominated seagrass association (Gudnitz et al., 2021).
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Tables
Table 1. Modern and mid-Holocene data for samples and foraminifera. Wall type H =
hyaline, P = porcellaneous and A = agglutinated
Sample
ID

Habitat/Facies

No.
No.
Fisher's
Specimens Species
α

Wall Type
%H
%P %A

Modern
AT14-1-1
MS05
MS07
MS09
MS10
MS23
MS24
MS29
MS31
MS34
MS36
MS37
MS39
MS43
MS44
MS45
MS46

Coral
Mangrove
Seagrass
Mangrove
Coral
Mangrove
Mangrove
Seagrass
Seagrass
Seagrass
Mangrove
Seagrass
Seagrass
Mangrove
Seagrass
Coral
Mangrove

311
352
370
287
733
505
510
419
358
375
571
424
270
283
260
289
152

48
58
62
52
62
22
30
27
47
59
43
65
26
35
28
31
19

14.9
18.8
20.3
17.5
15.5
4.2
6.4
5.8
13.6
18.7
10.1
19.0
6.4
9.7
7.2
8.0
4.9

70.42
84.94
80.27
86.41
78.58
99.02
88.63
96.66
80.45
83.20
91.77
70.99
84.07
95.76
89.62
64.01
73.03

29.58
13.92
19.46
13.59
21.01
0.98
11.18
2.86
19.55
16.80
8.23
29.01
11.48
2.12
7.31
35.99
25.00

0.00
1.14
0.27
0.00
0.41
0.00
0.20
0.48
0.00
0.00
0.00
0.00
4.44
2.12
3.08
0.00
1.97

364
249
309
283
518
313
325
362

42
35
33
21
16
34
43
46

12.3
11.1
9.4
5.2
3.1
9.7
13.3
14.0

62.91
73.90
57.93
100.00
92.47
56.23
64.92
55.80

37.09
26.10
42.07
0.00
7.53
43.77
35.08
44.20

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Mid-Holocene
SB1-01
SB2-11
SB2-12
SB3-02
SB3-03
SB3-04
SB3-06
SB4-01

A. cervicornis
Mixed corals
A. cervicornis
Molluscan mud
Molluscan mud
Molluscan mud
Molluscan mud
A. cervicornis
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SB5-03
SB6-03
SB6-04
SB6-06
SB6-07
SB6-09
SB7-01
SB7-02
SB8-01
SB8-02

A. cervicornis
Lobatus
Lobatus
Lobatus
Lobatus
Mixed corals
PoritesAgaricia
PoritesAgaricia
PoritesAgaricia
PoritesAgaricia

233
507
275
398
520
386

48
47
33
36
45
49

18.3
12.7
9.8
9.6
11.8
14.9

39.91
65.48
80.00
84.17
52.69
81.09

60.09
34.52
20.00
15.83
47.31
18.91

0.00
0.00
0.00
0.00
0.00
0.00

297

28

7.6

93.94

6.06

0.00

328

37

10.7

71.65

28.35 0.00

358

40

11.5

56.15

43.85 0.00

309

39

11.8

65.70

34.30 0.00
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Table 2. Relative abundance (%) of foraminiferal species per sample.
Species
Ammonia parkinsoniana (d'Orbigny, 1839)
Ammonia tepida Cushman, 1926
Amphistegina gibbosa d'Orbigny, 1839
Archaias angulatus Fichtel & Moll, 1798
Articulina mexicana Cushman, 1922
Articulina mucronata d'Orbigny, 1839
Articulina sulcata Reuss, 1850
Biloculina eburnea (d'Orbigny, 1839)
Bolivina lanceolata Parker, 1954
Bolivina lowmani Phleger & Parker, 1951
Bolivina sp. 1 d'Orbigny, 1839
Bolivina sp. 2 d'Orbigny, 1839
Bolivina striatula Cushman, 1922
Bolivina subexcavata Cushman & Wickenden, 1929
Bolivina tortuosa (Brady, 1881)
Bolivina venezuelana Sellier de Civrieux, 1976
Buccella hannai Phleger & Parker, 1951
Buliminella elegantissima (d'Orbigny, 1839)
Buliminella milletti Cushman, 1933
Cancris sagra (d'Orbigny, 1839)
Cibicides floridanus Cushman, 1918
Cibicides lobatulus Walker & Jacob, 1798
Cibicides pachyderma (Rzehak, 1886)
Cibicides sp. Montfort, 1808
Cornuspira planorbis Shultze, 1854
Cymbaloporetta atlantica (Cushman, 1934)
Cymbaloporetta squammosa (d'Orbigny, 1839)
Discorbis mira Cushman, 1922
Elphidium discoidale d'Orbigny, 1839
Elphidium gunteri Cole, 1931
Elphidium norvangi Buzas, Smith & Beem, 1977
Elphidium poeyanum d'Orbigny, 1839
Elphidium sagrum ? = Elphidium sagrai d'Orbigny, 1839
Elphidium sp. Monfort, 1808
Fissurina laevigata Reuss, 1850
Fissurina lucida (Williamson, 1848)
Fissurina sp. Reuss, 1850
Fursenkoina pontoni (Cushman, 1932)
Glabratella mirabilis Seiglie & Bermúdez, 1965
Hanzawaia concentrica Cushman, 1918
Hauerina fragilissima (Brady, 1884)
Haynesina depressula (Walker & Jacob, 1798)
Hopkinsina sp.
Laevipeneroplis proteus d'Orbigny, 1839
Miliolina sp. Williamson, 1858
Miliolinella californica Rhumbler, 1936
Miliolinella fichteliana d'Orbigny, 1839
Miliolinella sp. Wiesner, 1931
Miliolinella subrotunda Montagu, 1803
Mychostomina revertens (Rhumbler, 1906)
Neoconorbina terquemi Rzehak, 1888
Neoeponides sp. Reiss, 1960
Nonionella atlantica Cushman, 1947
Nonionella auricula Heron-Allen & Earland, 1930
Nonionella sp. Cushman, 1926
Pararotalia magdalenensis Lankford, 1973
Peneroplis pertusus Forskal, 1775
Planorbulina acervalis Brady, 1884
Planorbulina mediterranensis d'Orbigny, 1826
Quinqueloculina agglutinans d'Orbigny, 1839
Quinqueloculina angulata ? Williamson, 1858
Quinqueloculina bicarinata d'Orbigny, 1826
Quinqueloculina bicornis (Walker & Jacob, 1798)
Quinqueloculina bidentata d'Orbigny, 1839
Quinqueloculina bosciana d'Orbigny, 1839
Quinqueloculina collumnosa Cushman, 1922
Quinqueloculina costata (d'Orbigny, 1878)
Quinqueloculina impressa Reuss, 1851
Quinqueloculina laevigata d'Orbigny, 1839
Quinqueloculina lamarckiana d'Orbigny, 1839
Quinqueloculina poeyana d'Orbigny, 1839
Quinqueloculina polygona d'Orbigny, 1839
Quinqueloculina seminula Linnaeus, 1758
Quinqueloculina tricarinata d'Orbigny, 1839
Rectobolivina glabra ? Bermudez, 1949 or Cushman, 1927
Rectobolivina limbata (Brady, 1881)
Rectobolivina raphana ? Parker & Jones, 1865
Reussella spinulosa (Reuss, 1850)
Rosalina candeiana d'Orbigny, 1839
Rosalina concinna (Brady, 1884)
Rosalina floridana (Cushman, 1922)
Rosalina globularis d'Orbigny, 1826
Rosalina sp. d'Orbigny, 1826
Rosalina subaraucana (Cushman, 1922)
Sagrina pulchella d'Orbigny, 1839
Siphogenerina cf. S. columellaris ? Brady, 1881
Siphonina pulchra Cushman, 1919
Spirillina vivipara Ehrenberg, 1843
Spiroloculina antillarum d'Orbigny, 1839
Spiroloculina depressa d'Orbigny, 1826
Textularia agglutinans d'Orbigny, 1839
Triloculina fiterrei Acosta, 1940
Triloculina oblonga Montagu, 1803
Triloculina trigonula Lamarck, 1804
Trochammina sp. Parker & Jones, 1859
Tubinella funalis Brady, 1884
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CHAPTER 5. CONCLUSIONS
The coastlines surrounding Almirante Bay in the Bocas del Toro archipelago of
Caribbean Panama have a long history of anthropogenic influence including
deforestation, oil spills and overfishing, while increases in rainfall and subsequent
hydrological changes have also taken place. Changes in coral cover and recent turnovers
of coral species similar to that witnessed throughout the Caribbean have also occurred,
prompting a closer look at water quality within the bay. My study used benthic
foraminiferal assemblages, the organic carbon content and grain size of sediments, and
physical environmental data from previous studies as proxies to investigate foraminiferal
species-habitat associations and to assess differences in the modern, shallow marine
habitats of Almirante Bay compared to a mid-Holocene reef that grew before human
occupation.
Chapter 2 examined modern foraminiferal assemblages that were collected from
shallow-water (~1–6 m) sediment surfaces in mangrove, seagrass, and coral reef habitats
within Almirante Bay. The sampling strategy was to collect from sectors of the bay with
contrasting water quality previously described as “most degraded” and “least degraded”.
In general, foraminiferal assemblage diversities and distributions showed that water
quality within Almirante Bay is quite variable within the defined sectors. Additionally,
differences in species distributions were primarily controlled by the physiographic
differences that determine hydrological and sedimentological regimes within the bay, as
foraminiferal diversity was generally lowest in mangrove habitats with high freshwater
runoff, while seagrass assemblages near sites with clearer water and greater marine
influence from the Caribbean Sea were most diverse. These results also align with data
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from previous studies that recorded high levels of anthropogenic change, high freshwater
runoff and occurrences of hypoxia in these studied areas.
The modern foraminiferal assemblages did not show that anthropogenic disturbance
caused water quality changes within the bay as was observed in previous studies with
corals (Aronson et al., 2014; Cramer et al., 2012; Cramer et al., 2020). Instead,
foraminiferal assemblages related to water quality conditions that are associated with
abundances and distributions of phytal substrates and the shallow-water-dominant corals
Porites and Agaricia. Ammonia parkinsoniana, a species that tolerates salinity
fluctuations and associations with environmental stresses such as pollution, was a key
taxon in identifying areas that were likely to be more influenced by freshwater runoff or
pollution. Dominant Planorbulina acervalis, an epiphytic taxon associated with phytal
substrates such as the seagrass Thalassia, differentiated seagrasses from mangroves and
corals, which increases our confidence in using the taxon as a seagrass indicator for
paleoenvironmental studies.
However, under similar ambient conditions, modern mangrove, and seagrass habitats
in close proximity to patch reefs were likely to contain many shared species, with the
majority of species overlap occurring in seagrasses. Whereas, this study also showed that
species’ proportions, including those of shared species, varied among the three studied
habitats, which was likely attributed to species’ tolerance of existing physical conditions.
These results underscore the high connectivity between embayed habitats and suggest
that habitat managers prioritize the protection of seagrasses as they do coral reefs in order
to conserve biodiversity. These results also highlighted the challenge in distinguishing
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anthropogenic from natural changes in ecosystems with variable water quality and
physiographic differences within short distances.
Chapter 3 investigated foraminiferal assemblages of mid-Holocene, ~6,000-year-old
coral reef and surrounding habitats. The mid-Holocene reef on Isla Colón was established
before the earliest recorded ages of human populations in the archipelago, which made its
pristine state ideal for comparisons to the modern analogue (Chapter 2). The majority of
sediments within the macroinvertebrate-associated habitats contained medium-coarse,
inorganic carbon sediments, primarily from acroporid coral rubble. The sediments were
indicative of how dominant these corals were in this part of the archipelago; however,
occurrences of the conch Lobatus and the presence of high organic carbon in regions
where mollusks dominated were further evidence that habitats were closely spaced, as in
the patch reefs we see in modern Almirante Bay.
Within the mid-Holocene reef, foraminiferal assemblages in A. cervicornis and other
reefal sediment samples were most diverse, though these assemblages did not distinguish
between reefal types, suggesting similar, normal marine conditions and/or mixing of
coral fragments. Habitats were differentiated by the presence of dominant foraminiferal
taxa such as Ammonia, Elphidium and Planorbulina, and had diversities and species
distributions that correlated well to the Porites-Agaricia coral facies. Muddy, molluskrich samples with high total organic carbon content contained foraminiferal assemblages
that were the least diverse. A vertical transition in habitats from mollusk-rich to Poritesdominated suggests a shift or progradation of proximal reef corals. Based on the
distribution of foraminiferal species across this mid-Holocene coral reef, it was
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concluded that the mid-Holocene setting was a patch reef similar to those of modern
Almirante Bay.
Chapter 4 addressed the ultimate objectives of this dissertation, to determine if the
modern coastal habitats of Almirante Bay (Chapter 2) are significantly different from the
pristine mid-Holocene reef-associated habitats (Chapter 3) and if anthropogenic
disturbance was an influence. Of the foraminiferal assemblages identified in 35 samples
from mangrove, seagrass, and coral reef habitats (17 modern and 18 mid-Holocene) only
5 did not group within their respective age, with only the muddy, mollusk-rich and
mangrove samples overlapping and differentiated from seagrasses and corals. These
results showed that while many species’ occurrences agreed with their well-studied
ecological distributions, modern and mid-Holocene assemblages are significantly
different, with age being the controlling factor, not habitat. As was also seen in
assemblages from both ages, species diversities and distributions overlap considerably
between habitats, a likely result of patch reef connectivity, and also suggesting that water
quality of both ages is comparable even with varying anthropogenic disturbance and
increased rainfall in recent decades. Furthermore, close associations of seagrassassociated foraminifera to the stress-tolerant Porites corals may indicate environmental
tolerance to similar ambient conditions that could be explored in future studies.
In retrospect, while the mid-Holocene reef was clearly coral-dominant, the modern
study sampled more seagrass and mangrove habitats. My use of a ponar-type sampling
device was excellent for sampling the modern muddy, sandy substrates in mangrove and
seagrass habitats but under occasionally turbid conditions the device limited the number
of modern coral-associated habitat samples that could be collected. Snorkeling or the use
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of SCUBA is recommended for future studies, to prevent “blind” sampling with devices
that would likely cause harm to fragile coral reefs.
My study of the modern and mid-Holocene shallow-water habitats of Almirante Bay
has shown the utility of foraminiferal assemblages as a reliable proxy for distinguishing
coastal habitats in varied water depths and provided insight into the environmental
tolerances of common neotropical foraminiferal species. The benthic foraminiferal
habitat indicator species from my samples that were dominant in salinity-variable areas
with a history of pollution (stress tolerant) and in areas with phytal substrates are wellcorrelated to foraminiferal associations from various studies in the Caribbean, Gulf of
Mexico, and Florida Bay. Regions with significant differences in foraminiferal species
assemblages, such as near the Changuinola floodplain, where heavy anthropogenic landuse change likely influenced area-specific water quality, offer additional opportunities to
address the extent and timing of any habitat change by utilizing sediment cores. Results
from this study may be useful for conservation and management decision-makers because
the foraminiferal assemblages highlighted seagrasses and mangroves as sensitive habitats
with diversities similar to coral reefs. As human populations continue to increase along
coastlines, the reliance on coastal habitat health as a means of sustenance, recreation and
most importantly, coastline stabilization in the face of sea level rise and the possibly
increasing frequency and intensity of storms, becomes more critical. It is my hope that
additional studies will be conducted to better understand the connectivity between coastal
habitats, and the importance of understanding how natural and anthropogenic forces
cause change to these fragile ecosystems so that we can better protect them.
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